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Abstract 
Geothermal energy pile (GEP) system harnesses and exchanges low-grade heat energy between 
the building and the shallow earth surface, via the circulation of heat carrier fluid (HCF) 
contained in energy loops fitted into the pile foundation elements, for seasonal heating and 
cooling purposes. The system relies upon moderately-constant ground temperature at some 
depth, in comparison to the atmospheric air temperature which greatly varies with season. In 
summer, air temperature is higher than the ground temperature. So the hot air in buildings can 
be extracted and transferred into the ground to achieve space cooling. Conversely, in winter, 
the air temperature is lower than the ground temperature. The heat energy from the ground is 
transferred to the building, and amplified by the heat pump system, to achieve space heating 
operation. 
Several past efforts focused on the behaviour of GEPs installed in dry or fully saturated soils, 
however, that may not be the true representative of all case scenarios. This is especially 
important considering that the amount of heat energy to be exchanged between the building and 
the ground depend on several factors. These include number and location of the installed energy 
loops within the GEP, thermal conductivity of the concrete pile and the surrounding soil, degree 
of soil saturation, soil type and soil grain size, duration and magnitude of the thermal load 
applied, and the spacing between geothermal energy piles when installed in a group etc. Thus, 
this study utilises numerical and laboratory experimental methods to investigate the 
performance of GEPs embedded in unsaturated soil in order to understand the factors that 
influence the efficiency of the system.   
This study used finite element modelling (FEM) and investigated first, the heat flow behaviour 
within the GEP and the possibility of thermal interaction between the energy loops installed 
owing to several factors (number and location of energy loops, thermal conductivity etc.). 
Second, an innovative laboratory experimental setup was developed to study the thermo-
hydraulic behaviour of a GEP in dry, unsaturated and saturated Leighton Buzzard sand. 
Additionally, the experimental results were numerically simulated to investigate the thermo-
hydraulic behaviour of a laboratory scale GEP in unsaturated conditions. Third, FEM was used 
to investigate the heat and mass transfer due to the cyclic heating and cooling of a GEP 
embedded in soil having different initial degree of saturation. The soil saturation varied between 
dry, unsaturated and saturated conditions. Fourth, the response of different soil types (sand, silt 
and clay) to natural recovery under geothermal energy application was investigated. The study 
also explored the recovery pattern and how it varies with degree of saturation (i.e. having 0%, 
20%, 60% and 100% degree of saturation conditions) for sand, silt and clay soils. Fifth, the 
long-term behaviour of group of GEPs subjected to heating and cooling cycles was investigated. 
The duration of the simulations were carried out for 10 years (10 cycles) of continuous heat 
injection and extraction process. The GEPs were thermally activated by subjecting the piles to 
6 months of heating followed by 6 months of cooling in each thermal cycle. Similarly, the effect 
of thermally activating all the GEPs in the group or selecting specific GEPs, to increase the 
spacing between the piles, was also investigated.  
The study presented in this dissertation found out that GEPs offer an economical and sustainable 
solution of achieving space heating and cooling needs in buildings. Specifically, it was observed 
that the heat transfer mechanism within the GEP depend on several factors i.e. number, location 
and configuration of energy loops installed, thermal conductivity of the GEP and soil, specific 
heat capacity etc. These factors, if effectively accounted for in design, maximises the heat 
transfer on the GEP unit and consequently enhancing the overall thermal performance of the 
system. Furthermore, the rate of heat transfer between the soil and the pile becomes 
significantly higher as the soil degree of saturation increases from dry to unsaturated and 
saturated conditions. Similarly, soil grain size has a positive influence on the heat transfer in 
soils owing to the increase in hydraulic conductivity of the soils. This allows moisture to easily 
flow within the pores of soils. 
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Chapter 1 
1.1 Introduction  
One of the major challenges facing the 21st century is the continuous need to mitigate the 
environmental damage caused by the burning of fossil fuels. Their extraction, refinement, 
transport, and burning result in the emission of greenhouse gases (GHG) into the atmosphere, 
which has negative environmental consequences including extreme weather viz, longer and 
hotter droughts, more heat waves, wildfire, extreme rainfall and inundation of low-lying coastal 
areas (Council Climate, 2015; UNFCCC, 2015). Thus, to prevent these threats, there is a need to 
move away from the use of non-renewable fossil fuel based energy sources. However, population 
increase and rise in energy demand make it difficult to move away from traditional fossil fuel. 
This is evident especially considering the fact that there is a direct correlation between the trends 
in population increase, primary energy use and carbon dioxide (CO2) emission, as shown in 
Figure 1.1a. The energy consumption and CO2 emission would grow significantly by 136 and 
110% between 1990 and 2040, as compared to the 72% linear population increase. This is as a 
result of the increase in per capita energy demand globally.  
To meet the ever-increasing energy need and to ensure a clean environment, renewable and 
sustainable sources of energy such as geothermal, solar, wind, and wave energy should be 
adopted to substitute or lower the over-dependence on the use of fossil fuels. These energy 
sources are in abundance and most likely exist in perpetuity. However, it is regrettable that these 
sources still only contribute to a small percent of the world energy supply, as indicated in Figure 
1.1b.  
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Figure 1.1 (a) Energy consumption, CO2 emissions and world population, (b) Energy supply 
Of recent, several policies were implemented by governmental and non-governmental 
organisations to encourage the use of renewable energy sources. Example of such policies 
includes the Climate Change Act passed by the UK parliament in 2008 (Fankhauser et al., 2008; 
Bowen and Rydge, 2011), the California Global Warming Solutions Act (AB 32) of 2006 (Franco 
et al., 2008; Salkin, 2009; Brown et al., 2014; Holst, 2015; Yeh et al., 2016), the Climate Change 
Authority Act and the Clean Energy Act of 2011 in Australia (Kember et al., 2014). These 
positive and promising trends should be carefully evaluated, sustained and encouraged across all 
the energy sectors.  
For example in the domestic sector, a significant amount of energy is consumed by the heating, 
ventilating and air conditioning (HVAC) systems for space and water heating purposes. In a 
typical UK residential building, space and water heating account for 79% of the total energy 
consumed Figure 1.2a. Out of which 83% of that consumed energy is derived from fossil fuels 
as shown in Figure 1.2b. However, the use of renewable energy systems would drastically bring 
down the amount of fossil fuel based energy consumed per household, and consequently, the 
0.9
1.4
1.9
2.4
1990 2000 2010 2020 2030 2040
Year
Primary Energy Use
Carbon Dioxide emissions
Population
(a)
91.6%
87.8%
8.4%
12.2%
0
20
40
60
80
1950 2014
Renewable Energy Fossil Fuels
World Primary energy supply (Quadrillion Btu)
(b)
Chapter 1          Introduction 
Page | 3 
 
associated CO2 emission. Thus, systems such as ground source heat pump (GSHP) could be 
utilized to replace the use of gas radiators and air conditioners in meeting the space 
heating/cooling and water heating demand of buildings.  
 
Figure 1.2 (a) average household consumption (b) source of energy generation in the UK (ECUK, 
2015). 
1.2 Ground source heat pump (GSHP) system 
The GSHP system, presented in Figure 1.3, also known as ground-coupled heat exchanger system 
utilises the shallow earth surface (about 100 m) to harness its moderate heat energy in order to 
meet human thermal comfort need. The system basically operates by relying on the temperature 
difference between the ground and the atmospheric air. For example in winter, the ground 
temperature is warmer than air temperature, while in summer, the ground temperature is cooler. 
These differences in temperature allow the transfer of heat energy in achieving building thermal 
demand throughout the year. 
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Figure 1.3 Ground source heat pump system
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1.3 Geothermal Energy Pile (GEP) systems  
The geothermal energy pile system (GEP) utilises the low heat energy present within the shallow 
earth surface, for the purpose of space heating and cooling in buildings in various places around 
the world. The system provides an environmentally friendly energy solution for building heating 
and cooling. It provides a significant energy savings, about 75% more energy efficient in 
comparison to the electric heating systems (Duffield and Sass, 2003; Akrouch, 2014).  
The practice of using foundation elements for achieving building heating/cooling energy need 
began in Austria and Switzerland: utilising base slabs in the 1980’s, piles in 1984, diaphragm 
walls in 1996 and energy tunnels in early 2000 (Brandl, 1998, 2006; Markiewicz and Adam, 
2009; Xia et al., 2012). However, in the UK, the practice of installing geothermal energy piles 
(GEPs) began in early 2000, with about 150 GEPs installed by 2005. Higher gas prices and 
planning requirements helped increase the popularity of this solution. By December 2016, there 
were about 5891 GEPs installed in the UK, providing an annual carbon dioxide savings of about 
7545 tonnes as shown in Figure 1.4.  
Geothermal energy piles are constructed by incorporating plastic pipes, made from high-density 
polyethylene (HDPE) plastics into the concrete foundation element. The exact location of the 
HDPE pipes depends on the type of construction used during the construction of the GEP. In 
rotary bored piles, the pipes are attached to the inner or outer surface of the steel cage, and their 
length is generally governed by the length of the GEP steel cage and the design thermal load 
(Figure 1.5). Whereas in the case of contiguous flight auger (CFA) piles, the loops could be 
extended beyond the steel cage by attaching them to a central steel bar, of adequate strength and 
plunged into the centre of the pile after concreting as shown in Figure 1.5. 
 
Chapter 1  Introduction 
Page | 6  
 
Figure 1.4  GEPs Installed in the UK and their resultant annual CO2 Savings as at December 
2016 
 
Figure 1.5 Typical GEP cross-section 
Since their successful implementation in 1984 in Austria and Switzerland (Brandl, 2006), they 
are increasingly gaining global acceptance (Dawoud et al., 2007) because they negate the initial 
drilling cost and the land area required for the installation of traditional boreholes (Hu et al., 
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2014). The benefits of using foundation elements for these systems in comparison to borehole 
heat exchangers is that piles possess larger cross–section, ranging between 300 to 1500 mm 
(Loveridge, 2012), which allow for flexible and diversified pipe arrangement. Also, they have 
the potential to provide the needed energy at a shallower depth; of about 10–15 m below ground 
level or beyond, where the temperature is relatively constant, ranging between 10 and 15oC 
throughout the year adds to their advantage (Brandl, 2006). In addition, the operation of the 
system is highly unlikely to cause any disturbance to an aquifer.  
1.4 Research motivation and research questions 
The behaviour of a conventional GEP is characterise into two aspects i.e. the thermo-mechanical 
and the thermal performance aspects. The former deals with the geotechnical behaviour of the 
piles under the action of heat extraction or injection process. While, the latter, relates the amount 
of heat energy that could be harnessed from the system for the purpose of space heating/cooling 
and water heating requirements.  
From the thermo-mechanical point of view, the increase in temperature induces additional 
stresses and strains in the pile and the surrounding soil (Amatya et al. 2012; Di Donna et al. 2016; 
Cekerevac & Laloui 2004; Amis et al. 2008; Laloui & Moreni 1999; Mccartney & Murphy 2012; 
McCartney & Rosenberg 2011; Ng et al. 2016; Rotta Loria et al. 2015). This increase in stresses 
and strains is associated to the expansion and contraction of the GEP due to cyclic thermal load 
application. The expansion of the GEP as a result of heat injection in the ground causes an 
increase in vertical and horizontal stresses and strains in the pile thereby increasing the overall 
shaft resistance capacity of the pile (Brandl, 2006; Bourne-Webb et al., 2009; Mccartney and 
Murphy, 2012; Suryatriyastuti et al., 2012; Wang et al., 2014; Singh et al., 2015; Ng et al., 2016; 
You et al., 2016). However, when the pile is cooled or during heat extraction process, the 
contraction that occurs due to the cooling of the pile result in the reduction of pile shaft capacity 
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with an increase in tensile stresses induced in the pile (Bourne-Webb et al., 2009; Amatya et al., 
2012).  
It should be noted that some of the tests (McCartney and Rosenberg, 2011; Stewart and 
McCartney, 2012; Ng et al., 2015) reported were conducted under extreme temperatures, which 
are out of the range of the operational temperature range used in GEP applications. Additionally, 
in situations where the pile is installed in clays, care should be taken to ensure excessive 
temperatures are not imposed on it. Mary et al. (2016) reported that superimposing extreme 
temperatures in kaolin clay induces shrinkage of the soil. This was shown to be irreversible even 
during the cooling phase. Nevertheless, irrespective of the changes in stresses and strains induced 
in the GEP due to the thermal loads, no mechanical failure was reported in literature. In addition 
to the numerous benefits of the system, this further indicates the viability of utilising piles to 
provide structural support, as well as meet the building thermal energy need. 
Furthermore, from the thermal performance perspective, numerous field, laboratory and field 
investigations were conducted on improving the overall GEP system performance (De Moel et 
al. 2010; Brandl 2006; Faizal et al. 2016; Gao et al. 2008a; 2008b; Hamada et al. 2000; Hamada 
et al. 2007; Jalaluddin et al. 2011; Janssen et al. 2004; You et al. 2016; Zarrella et al. 2013a; 
2013b; Zagorscak & Thomas 2016) with the pile installed in a saturated or dry soil of 
homogenous soil stratigraphy. This results in a simplistic design approach with the consequences 
of either over designing or under designing the GEP system, thereby significantly impacting on 
the overall system installation cost. However, in real life scenarios, soils at some depth below 
ground level are generally in an unsaturated state and in a heterogeneous form, depending on the 
water table level, soil type, geological and geographical location etc. This means that in some 
situations, the pile may be fully embedded in a dry, partially saturated or completely saturated 
soil as shown in Figure 1.6. As a result, the thermal performance would be significantly affected 
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by the different soil layers and types, water level, geographical location and geological condition 
of the area etc. (Brandl, 2006; Brandl et al., 2006; De Moel et al., 2010). Therefore, these factors 
should be thoroughly and carefully studied, in order to efficiently design the system, as they can 
significantly differ from one location to another.  
 
Figure 1.1 A GEP installed in dry, saturated and unsaturated soil  
Based on the reviewed literature, the main motivating factor that led to the choice of research 
aim and objectives, is to contribute to the existing knowledge gap by investigating the thermal 
and hydraulic performance of the GEPs embedded in unsaturated soils, and the impact of 
saturation on the heat flow behaviour in unsaturated soil domain and the GEP. Additionally, the 
following specific research gaps and questions are identified on the basis of extensive literature 
study: 
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[1.] What are the significant factors that affects the heat flow behaviour within an energy 
pile? This question aims at investigating different factors including: number of loops and 
their location, thermal conductivity and specific heat capacity on the heat flow behaviour 
within a GEP. Specifically, this question intends to investigate the possibility of thermal 
interaction that could occur within a GEP and highlights the key factors that contributes to 
it. Answering this question will provide a better understanding on the heat flow pattern 
within a GEP, and most importantly, the key dos and don’ts that should be followed to 
enhance the GEP system thermal performance. 
[2.] What are the significant factors that affects the heat transfer pattern around the 
perimeter of the GEP and its surrounding soil? This question tries to understand the 
temperature distribution around the circumference of a GEP and how it varies with the soil 
and concrete thermal conductivity, number of energy loops, loops location and specific 
heat capacity. Also, another reason to answer this question is to provide an understanding 
on the influence of each of the factors on the temperature distribution around GEP which 
could be useful during the design process of the system. 
[3.] In contiguous flight auger piles, the energy loops are bunched together around a central 
steel and plunged into fresh concrete at the centre of the pile. The main purpose of the steel 
is to provide rigidity during the insertion of the loops into the concrete. However, it is 
possible that the central steel may results in higher heat exchange, and in worst case 
scenario could cause short circuiting, between the inlet and outlet leg of the energy loops. 
Therefore, the question is does the central steel causes thermal interaction between inlet 
and outlet legs of the loops? Also, is there any temperature gradient between the HCF at 
the inlet and out of the loops? This questions aims at understanding the heat flow 
behaviour in a CFA pile and how its thermal performance can be maximised.  
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[4.] To what extent does soil type impact on the heat flow behaviour between a GEP and its 
surrounding soil? This question plans to investigate the influence of different soil type 
including sand, silt and clay soils and their associated heat transfer behaviour. It also aims 
at understanding the influence of the intrinsic properties of the soil such as grain size 
distribution, thermal conductivity etc. on the heat flow behaviour under geothermal energy 
pile application.   
[5.] Does soil saturation greatly influences the heat transfer mechanism in soils, and 
consequently, the energy pile? If so, how does the thermal performance of the GEP 
system varies as the soil saturation increases from dry, to unsaturated and saturated 
state? This question aims to investigate the influence of soil degree of saturation on the 
thermal performance of GEP systems. Similarly, it tries to answers the question of the 
associated contribution of soil saturation, for the different soil types i.e. sand, silt and clay, 
under geothermal energy application.  
[6.] Furthermore, the utilisation of geothermal heat pump system results in excess temperature 
deposit or deficit in the soil during space cooling or heating operation respectively. This 
significant changes to the initial soil temperature can be minimised by allowing the soil to 
naturally recover or forcibly recharge it using conventional means (which is often at an 
additional cost and effort). Thus, the question arises as to how do the GEP and its 
surrounding soil performs under natural recovery? Also, what is the recovery pattern in 
sand, silt and clay soils and how it varies as the soil initial degree of saturation increases 
from 0 to 100%? Answering these questions will help during the design of GEPs to ensure 
that excess temperature is not injected or extracted from the soil in order to prevent 
excessive ground heating or freezing respectively. This is especially important because 
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cumulative extreme temperature changes could lead to pile expansion or contraction which 
could pose a danger to the structural integrity of the overlying structure. 
[7.] Lastly, piles are often designed and installed in groups with their spacing and specific 
arrangement stipulated by the design engineer. Therefore, during the thermal design 
process, all the GEPs in the group can be equipped with energy loops and used for thermal 
solicitation. Hence, the question is how do the group of the GEPs behave under 
geothermal energy application? Secondly, what happens if the GEPs are closely spaced 
to each other, should alternate GEPs be equipped with energy loops to improve system 
performance? Thirdly, what is the heat flow characteristics associated with the group of 
the GEPs, and how is it affected by the initial degree of soil saturation and soil type?  In 
addition, what is the long-term performance of the GEPs under cyclic thermal loading? 
Answering these sets of questions will provide a very useful information in understanding 
the long-term thermal performance of GEPs in sand and clay soils. This investigation is 
crucial because it helps the GEP system designer to understand the overall behaviour of 
the group of GEPs under long-term condition and how it could differ depending on the soil 
saturation. Thus, will allow the designer to carry out their design with some level of 
confidence, especially, in ensuring that the system energy output is not underestimated. 
1.5 Research aim and objectives 
The aim of this research is to study the coupled thermo-hydraulic behaviour of geothermal energy 
piles in unsaturated soils. The main objectives of this study are summarised as: 
[1.] Provide an extensive and thorough literature review on the behaviour of GEPs under 
coupled thermal and mechanical loading. The review reports the current state of the art of 
the GEP and organises the literature according to the thermo-mechanical and thermal 
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performance of the system based on several field-scale, laboratory and numerical 
investigations reported.  
[2.] Design a laboratory scale experimental test set-up to investigate the thermal performance 
of an energy pile cross-section, embedded in unsaturated sand, under geothermal energy 
application.  
[3.] Develop the theoretical and numerical formulation for heat and mass transfer in GEPs.  
[4.] Perform a validation exercise for the numerical model via the use of analytical equations 
and experimental results obtained from laboratory studies set out in objective 2. 
[5.] Conduct a numerical investigation on the thermal interaction and heat flow behaviour 
within a GEP and how it varies with the number of energy loops installed in the pile, 
location of the loops in the pile, soil and concrete thermal conductivity, and specific heat 
capacities of the soil and concrete.  
[6.] Numerically investigate the effect of soil hydraulic properties including soil water content, 
hydraulic conductivity, soil water retention properties; soil thermal properties and soil 
types (sand, silt and clay) on their heat flow behaviour under geothermal energy 
application. 
[7.] Numerically investigate the effect of heat and moisture transfer in soil and how it differs 
as the soil saturation increases towards full saturation. Similarly, to understand how the 
flow of heat and moisture varies with soil grain size distribution for sand, silt and clay soils 
respectively. 
Chapter 1  Introduction 
Page | 14  
[8.] Carry out a numerical investigation on the effect of intermittent and continuous heating or 
cooling operation on the behaviour of GEPs. Also, to understand the behaviour of the 
different soils under natural recovery and how it varies across the sand, silt and clay soils. 
[9.] Carry out a numerical study to investigate the long-term thermal performance of group of 
energy piles under cyclic heating and cooling loads. Additionally, to understand the effect 
of the spacing between group of GEPs and how it affects the heat and moisture flow in 
sand and clay soils.  
1.6 Scope and limitations 
This section highlights the scope and limitations that were observed in the course of pursuing the 
aim and objectives of this research study. Similarly, the assumptions made during the laboratory 
and numerical investigations are given here: 
[1.] During the different laboratory and numerical investigations, the soil was assumed to be in 
a homogeneous state. Although, soils are generally found in layers having different grain 
sizes, density, and other properties. However, the reason for the simplification in the soil 
stratigraphy is to allow for the understanding of the different soils independently, and how 
they each allow heat and moisture flow under the application of geothermal energy pile. 
[2.] In the laboratory test set-up, the diameter of a full scale energy pile of 600 mm was scaled 
down to ¼ of the actual field diameter. Also, 120 mm height of the pile was considered 
rather than rescaling the full length of the GEP. This was achieved and was justified 
following the findings that the axial heat flow in GEPs is negligible (Singh et al., 2015). 
This allow the GEP cross-section to be easily handled during the test set-up. 
Chapter 1  Introduction 
Page | 15  
[3.] In the numerical simulations, all boundary conditions at the perimeter was considered as 
adiabatic i.e. no heat losses to the surrounding environment. This is justified considering 
that large soil domain was chosen for each of the GEP geometry and that the domain is 
large enough to allow all thermal processes to be fully developed in the soil with no 
contribution from boundary effects. Thus, no heat losses at the perimeter of the domain. 
[4.] All the numerical simulations carried out are either two dimensional planar or 
axisymmetric analyses. This is to simplify the modelling process and ease the computing 
capacity required for handling large volume of data and onerous time for carrying out the 
several numerical computations in this study. Thus, three dimensional modelling and 
analyses are beyond the scope of this work.  
[5.] Additionally, the heat transfer due to heat carrier fluid circulation process was not modelled 
in all the numerical simulations. This is in order to further simplify the modelling process 
and reduce the required computing capacity because heat flow through the HCF can easily 
be computed analytically. 
1.7 Overview of the thesis 
This section gives a brief outline about each of the chapters in this report. In addition, it provides 
the rational for why the current order in which the different numerical and experimental 
investigations are adopted. The thesis outline is presented as follows:  
Chapter 2 provides an extensive review of literature salient to both the thermo-mechanical and 
the thermal performance of the geothermal energy pile system. The review is conducted by 
broadly studying the numerous field scale experiments, laboratory tests and numerical analysis 
and simulations reported. Also, the review presents the heat transfer mechanism and factors that 
influences it including thermal and hydraulic properties of the concrete and the soil surrounding 
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the GEP. Similarly, the review highlights the key factors that should be carefully considered at 
the planning, designing and construction of GEP systems to ensure an effective and fully 
functional system is installed. 
Chapter 3 presents the description of the laboratory test set-up carried out for the purpose of 
investigating the flow of heat and moisture in Leighton Buzzard sand having different initial 
degree of saturation ranging from dry, unsaturated and saturated conditions. Similarly, the 
accessories and apparatuses required for the laboratory experiment are described. Also in this 
chapter, the sensors (temperature and relative humidity sensors) and their calibration or integrity 
tests and its procedure are highlighted. Furthermore, the chapter provides a description of 
preliminary tests carried out for material characterisation including particle size distribution, 
hydraulic and thermal properties of the Leighton Buzzard sand.  
Chapter 4 details the development and validation exercise of the different numerical models used 
for the several numerical simulations in this study. The validation exercise was carried out by 
comparing the results of numerical simulations obtained using COMPASS and that of analytical, 
and some sets of laboratory experiments on dry, saturated and unsaturated soils.  
Chapter 5 reports a numerical investigation carried out on a two dimensional planar geometry of 
an energy pile with the aim of understanding the heat flow behaviour inside the GEP, around its 
circumference and in the surrounding soil. The study investigates the influence of several factors 
such as number of loops and their location, thermal conductivity and specific heat capacity and 
their associated contribution towards thermal interaction in a GEP. Similarly, the possibility of 
thermal short-circuiting of CFA GEPs was also investigated as a result of the influence of the 
central steel installed to hold the energy loops together for rigidity during the installation process. 
The parametric studies conducted in this chapter provided an information that was required to 
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come up with the dimension of the GEP used in the laboratory experiment discussed in chapter 
6. In addition, further numerical simulations were conducted and reported in chapters 7 and 8.  
Chapter 6 discusses the laboratory scale experiment conducted on Leighton Buzzard sand at the 
Surrey Advanced Geotechnical Engineering (SAGE) laboratory in the University of Surrey, 
Guildford, UK. The tests comprise the cyclic heating and cooling of an energy pile cross-section 
embedded in sand having different initial degree of saturation conditions ranging from fully dry, 
to unsaturated and saturated state. The chapter presents and discusses the results of heat and 
moisture changes in the GEP cross-section and its surrounding soil obtained using the 
temperature and relative humidity sensors respectively. 
Chapter 7 presents a numerical investigation carried out to study the behaviour of different soil 
types to natural recovery after a thermal loading process. Three soils i.e. sand, silt and clay, 
having an initial degree of saturation of 0%, 20%, 60% and 100%, were subjected to a heating 
load for a duration of 3 months. Similarly, the investigation also reports the influence of 
subjecting a GEP to either a continuous or intermittent heat injection operation. The effect of 
increasing and decreasing the magnitude of the thermal loading was also investigated and 
reported.  
Chapter 8 carried out a numerical investigation to study the long-term behaviour of group of 
GEPs under cyclic thermal loading. The study was carried out on two soil types: Leighton 
Buzzard sand and clay, with an initial degree of saturation of 0%, 30% 60% and 100% 
respectively. The duration of the simulations were carried out for 10 years of continuous heat 
injection and extraction process. The thermal loading pattern was applied by heating the GEP for 
6 months followed by a cooling cycle in the subsequent 6 months in each 1 year cycle. The 
chapter investigated the influence of thermally activating all GEPs in the group or selecting 
alternate GEPs in the group and superimposing a cyclic heating and cooling load on them. 
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Lastly, Chapter 9 presents the overall conclusions drawn from this research work, including 
major findings and highlights suggestions for future research work in this area.  
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Chapter 2 
Literature review 
2.1 Introduction 
This chapter presents an extensive review of literature on ground source heat pump systems, with 
a focus on geothermal energy piles. The review reports the myriads of previous studies on the 
geotechnical and energy performance behaviour of energy piles under the action of coupled 
thermal and mechanical loading. Similarly, the factors including soil heat transfer mechanism, 
soil initial temperature, soil thermal conductivity and diffusivity, and ground water flow which 
influences the performance of the GEPs are described.  
Section 2.2 provides a technological background of the system by describing its different 
components, and the working principle of the geothermal energy pile system. Similarly, the 
method of GEP construction, the energy loops and different configurations of the loops and the 
factors governing their sizing are presented. 
Section 2.3 presents and discusses the numerous environmental factors that could significantly 
influence the performance of the system. These factors includes but not limited to ground and 
GEP heat transfer mechanisms, soil thermal properties, groundwater flow, ground initial 
temperature. Section 2.4 highlights the different available design standards, the design steps and 
possible issues that may be encountered during the installation of the system. 
The thermal and mechanical behaviour of the GEP system based on field scale experiments, 
laboratory tests and numerical investigations reported in literature have been reviewed and 
presented in Section 2.5. Section 2.6 highlights the different findings of field scale, laboratory 
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and numerical investigations on the thermal performance of the GEP system. Lastly, Section 2.7 
reports the conclusion from the different sections of this chapter.  
2.2 The technological background of a geothermal energy pile system 
The main working concept of a geothermal energy pile (GEP) system is similar to that of an Air 
Source Heat Pump (ASHP), which is to transfer and exchange heat energy with a more moderate 
and constant energy medium. However, unlike the ASHP, the GEP transfers and exchanges heat 
with the shallow ground beneath our feet. In winter, the ground temperature is warmer than the 
air temperature, where as in summer, the opposite becomes true: the ground becomes cooler than 
air above ground surface. This means that during winter, the shallow heat energy can be extracted 
from the ground for space heating, while in summer, the heat present in buildings could be 
removed and injected back into the ground for heat energy storage. This makes the GEP system 
more efficient than ASHP, because of the minimum temperature variation in the ground in 
comparison to the ambient air temperature above ground level.  
The heat pump system coupled to an energy pile for heating and cooling purposes is shown in 
Figure 2.1.  The system can be categorised based on the different system unit or according to the 
function of each component. Preene and Powrie (2009) categorised the system in accordance 
with the function of each component, namely the load side; the source side and the heat transfer 
part. During heating and cooling operation, the load side and source side could interchange 
depending on the mode of operation i.e. whether winter mode or summer mode. On the other 
hand, the conventional classification, by majority of researchers such as Brandl (2006) and De 
Moel et al.(2010) categorised the system into three main units, namely: 
 The primary unit or heat exchanging loops installed in the ground using boreholes, 
trenches, base slabs, piles, diaphragm walls or tunnels etc.
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Figure 2.1 Geothermal energy pile system
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 The secondary unit comprised of either radiators or underfloor piping network or hot air 
ducts that deliver heat energy in or out of the building.  
 The heat pump unit. 
Alternatively as proposed by Preene and Powrie (2009), during space heating operation the heat 
exchanger becomes the heat source side of the system i.e. where the heat is extracted from (the 
side with higher heat magnitude), the heat pump and the load side (secondary pipes which ensures 
the transfer of extracted heat due to lower temperature gradient). However, to achieve cooling 
the source and load side inter-switches. In situations where pile foundation elements are used as 
the primary unit, the system is referred to as geothermal energy pile (GEP) system. 
2.2.1 The primary unit 
The primary unit comprises vertical cylindrical, rectangular or square pile foundation elements 
(Loveridge and Powrie, 2014) embedded in soil mass that are primarily needed to support and 
transfer the load of the superstructure to a more stable ground below. Correspondingly, they are 
fitted with energy exchange loops and held in place by grout (Sagia, 2012) to fulfil the energy 
need of the building above. 
2.2.1.1 Pile material 
The construction of pile foundations can be done using different materials depending on factors 
such as type of the load to be supported, installation technique, availability of raw materials for 
construction, ground conditions etc. However, in the construction of GEP heat exchangers, the 
energy pile foundation elements can be constructed from either of the following materials as 
reported by Morino and Oka (1994), Brandl (1998), Nagano (2007) and Gao et al. (2008). 
 Mass concrete;  
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 Reinforced concrete or  
 Steel 
The most common material used in GEP construction is the mass/reinforced concrete (Brandl, 
2006) because of its high heat conducting property and high thermal storage capability. Similarly, 
the concrete mix should conform with that specified in Eurocode 7 for the design of pile 
foundation (Frank, 2006). However, it should be noted that a concrete mix with higher aggregate 
content and lower cement ratio results in higher heat transfer of the concrete pile (Loveridge, 
2012).  
In addition, steel piles were first used as heat exchangers in 1994 by Morino and Oka (1994) to 
explore its good heat conductive properties and lower thermal resistance (Nagano, 2007). In 
1998, two steel piles were utilised for floor heating and cooling of a low energy house at 
Hokkaido university, Japan (Hamada et al., 2000). Since their successful installation, over 300 
buildings were reported to have adopted them for building heating and cooling need as at 2002 
(Nagano et al., 2005). Also, Nagano proposed that the heat energy can be exchanged by 
circulating water in the steel pile directly or through equipping the steel with energy loops. The 
latter offer a more cost friendly solution and require less maintenance (Nagano et al., 2006). 
2.2.1.2 Construction technique 
The GEP installation technique is generally either hammer driven or auger bored method 
depending on the pile type and geology. Precast concrete heat exchangers with central voids can 
be installed into the soil before incorporating the energy loops in the hollow spacing provided 
and filled with cement mortar to ensure contact between loops and the pile (Park et al., 2013; 
Yoon et al., 2014) as shown in Figure 2.2. Similarly, steel piles can be driven or drilled and filled 
with concrete. 
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Figure 2.2 Typical precast GEPs 
In the auger boring technique, holes are dug in the ground and supported by a casing, followed 
by installing the reinforcement cage with the energy loops attached prior to concreting, which is 
referred to as bored piles. However, in contiguous flight auger (CFA) piles, the energy loops are 
attached to a central steel bar for rigidity when they are being pushed into fresh concrete after 
concreting. Additionally, coring technique could also be employed to fit in energy loops into heat 
exchangers in the case of hardened concrete piles already installed in the ground. However, this 
would likely be very expensive and a more economical solution should always be opted for.  
2.2.1.3 Geometrical size 
The length and diameter of GEPs are largely governed by the imposed mechanical load of the 
superstructure rather than the building energy demand. However, efficient system performance 
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is achieved if the pile length extends beyond the earth heterothermal zone (zone of high-
temperature fluctuations) that is found in top 2 – 4 m. This effect is mitigated once the 
construction of the building is completed. Additionally, piles with larger diameter greatly 
influence the heat transfer and storage capabilities of the GEP due to the enhanced pile contact 
surface area with the ground, thereby, resulting in higher thermal performance (Loveridge and 
Powrie, 2013b), and allowing a higher number of energy loops to be incorporated within the 
foundation element (Loveridge, 2012).  
Loveridge (2012) reported that the diameter of GEP heat exchangers generally ranges from 300 
– 1500 mm. Whereas, its length should extend beyond the soil heterothermal zone 
(Suryatriyastuti et al., 2012). Furthermore, Nagano et al. (2006) and Nagano (2007) reported to 
have installed 51 steel piles with diameter of 600 – 800 mm and an average effective length of 
4.7 m. They observed that the system could supply 40 kW of daily heating load. 
2.2.1.4 Energy loops 
The heat transfer pipes also known as energy loops or absorber pipes are the plastic pipes that 
contain the heat carrier fluid within the GEP. They are made from High-Density Poly-
Ethylene/Poly-Propylene (HDPE/HDPP), Polyvinyl-chloride, Polybutylene pipes (Hamada et 
al., 2007; Loveridge, 2012; Park et al., 2013 and Akrouch et al., 2014). The HDPE diameter in 
the range of between 20–44 mm has been reported by other researchers (Brandl, 2006; Bourne-
Webb et al., 2009; Bozis et al., 2011; Mccartney and Murphy, 2012; Wang et al., 2013; Jeong et 
al., 2014 and Singh et al., 2015). However, the GEP system design and installation guide 
recommended the nominal pipe diameter to pipe wall thickness ratio of 11. This is to ensure the 
pipe is durable enough to withstand a nominal pressure of 160 psi (Skouby, 2010).  
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The pipes are pressurised and maintained at a nominal pressure, during the pre-installation test 
(Brandl, 2006). This is done for the purpose of integrity check and also to prevent collapse of the 
plastic pipes as a result of the imposed load due to wet concrete, during concreting in rotary bored 
piles or when the loops are being plunged into fresh concrete in contiguous flight auger piles.  
2.2.1.5 Pipe configuration 
The pipes can be installed in various forms within the GEP. Some common shapes reported are 
single U-shape, double U-shape, triple U-shape, W-shape, spiral or helical shape, direct double-
pipe type and indirect double-pipe type configurations (Hamada et al., 2007; Gao et al.2008a & 
2008b; Jalaluddin et al., 2011; Zarrella et al., 2013; Park et al., 2013; Wang et al., 2013; Zarrella 
et al., 2013; Batini et al., 2015; Mehrizi et al., 2016 and You et al., 2016). The different typical 
configurations are shown in Figure 2.3. However, careful consideration should be taken to ensure 
the best pipe shape is chosen to result in effective system performance (Hamada et al., 2007). 
Similarly, the pipes from one or multiple piles can be connected in series, parallel or a 
combination of the two cases (Loveridge and Powrie, 2014b). 
Laloui et al.(2006) and Singh et al.(2015) reported the use of U-shape loops installed within pile 
foundation element of a building and in a test pile. Similarly, Gao et al.(2008a) and (2008b) 
reported having equipped the foundation elements of a building complex in Shanghai with single 
U, double U, triple U and W-shape pipe configurations.    
2.2.1.6 Heat carrier fluid (HCF) 
The heat carrier fluid (HCF) is the liquid that circulates within the pipes which extract and 
transfer heat from the ground to the heat pump system or vice versa. The HCF can be made of 
pure water (Gao et al., 2008a & 2008b) or water plus either a biocide and or an antifreeze based 
solution. The antifreeze could be ethylene or propylene glycol, saline solution etc. (Brandl, 
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2006). Adding antifreeze to the HCF decreases its freezing point, increases its viscosity and 
resulting in higher input energy for pumping. Ethylene glycol possesses a better heat conductive 
property, however, it is toxic compared to propylene glycol (Loveridge, 2012). Hamada et al. 
(2007) reported the use of a fluid mixture containing 40% propylene glycol solution by weight.   
 
Figure 2.3 Different configurations of energy loops within a GEP 
2.2.2 The secondary unit 
The secondary unit comprises of closed circuit network of pipes embedded beneath the floor of 
buildings, walls and ceilings. It delivers the heat extracted from the ground for space heating or 
removing the heat from the building and transferring it back to the ground for storage. Also, loops 
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can be installed in bridge decks, roads, airport runways for de-icing purposes (Kovačević et al., 
2013).  
2.2.3 The heat pump system unit 
A heat pump is a mechanical device that is used to raise the temperature of the heat extracted 
from the ground, by circulating HCF through pipes, to a temperature suitable for space heating 
and vice versa. Its working mechanism is comparable to that of a refrigerator in a reverse order. 
Four components make up the heat pump: Evaporator, Condenser, Compressor and Expansion 
valve shown in Figure 2.1.  
During a heating operation, the HCF (water plus antifreeze) is pumped and circulated through 
the pipes enclosed in a GEP. The HCF absorb heat from the ground and is fed into the evaporator 
which contains refrigerant (heat transfer fluid). Within the evaporator, the refrigerant absorbs the 
heat energy from the HCF thereby raising the temperature of the refrigerant. The high-
temperature refrigerant is then circulated through the compressor that compresses and turns it 
into a high-pressure and high-temperature fluid. At the condenser, the vapour (refrigerant) 
transfer its heat to the heating system or secondary unit to heat the building. The refrigerant cools 
down at the condenser level and is fed through the expansion valve which lowers its pressure and 
temperature. After leaving the expansion valve, it then passes through the evaporator for the cycle 
to start again. Similarly, to achieve cooling, the whole process is reversed (Akrouch, 2014). 
2.3 Environmental factors affecting the performance of a geothermal energy pile 
system   
Environmental factors play a significant role on the performance of a GEP system. These factors 
include soil heat flow mechanism, heat transfer within concrete GEP, ground water flow and 
ground initial temperature.  It is highly important that they are carefully and accurately 
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determined, when designing a GEP system, to ensure an effective and efficient system is 
achieved at a minimum installation cost. These factors are discussed here.  
2.3.1 Ground heat flow mechanism 
The GEP, embedded in a soil mass or rock, exchanges heat with its surrounding environment. 
The heat flow process occurs due to the temperature gradient, between the pile and the 
surrounding soil, until an equilibrium is attained. However, the difference in the inlet and outlet 
HCF temperature ensures an effective and continuous heat flow process. The amount and time 
taken for heat exchange between GEP and surrounding soil depend on factors such as 
groundwater flow, geological soil properties, geographical location, initial soil temperature, soil 
type and soil moisture content. Heat transfer mechanism in soils is very complex. It occurs 
through the following transfer mechanisms including conduction, convection and radiation. 
Other mechanisms that are of great significant to heat movement includes vaporisation and 
condensation, freezing and thawing, and ion exchange (Brandl, 2006 & Brandl et al., 2006).  
2.3.1.1 Heat conduction 
Heat conduction refers to heat movement between bodies in contact, or from one face of a solid 
block to another face, because of the difference in kinetic energy of the atomic particles. This is 
the most predominant heat flow mechanism in soils (Farouki, 1981; Brandl, 2006; Dawoud et 
al., 2007) and other solids because of the fact that the solid particles are closely compacted 
together.  
For example, if heat is applied to one face of a solid block the atomic particles at the heated end 
gain kinetic energy and begin to vibrate, causing the neighbouring atoms to follow the same 
pattern, thereby transferring the energy gained onto the next atom(s). This transfer process keeps 
going on within the solid block, if the heat is constantly and continuously applied, until all the 
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particles are in exact same motion or in other terms have gained exact same heat energy. The 
amount of heat, Q, flowing through a body in one dimension can be quantified using the Fourier’s 
law, Equation 2.1, while the time taken for heat to be transferred from one face of the block to 
another depends on the thermal conductivity of the material.  
  𝑄 =  𝜆𝐴 
𝑑𝑇
𝑑𝑥
              (2.1) 
where 𝜆 – thermal conductivity (Wm-1K-1), A – Area (m2), 
𝑑𝑇
𝑑𝑥
 – temperature gradient (K m-1) 
The conductive heat flux (𝑞𝑐𝑜𝑛𝑑), defined as the heat energy Q, flowing through a given surface 
per unit time t, is given as  
  𝑞𝑐𝑜𝑛𝑑 =  
𝑄
𝐴𝑡
          (2.2) 
Heat flow through a soil mass occurs in the same process to that of a solid block, except that soil 
has pore spaces filled with either water, air or both. This gives rise to the heat transfer mechanism 
by convection and radiation. In addition to the above transfer processes, Rees et al. (2000) 
mentioned that heat flow due to changes in the water phase is possible known as latent heat of 
vaporisation. But, these transfer processes are only relevant where the grain and pore sizes are 
large (Farouki, 1981). However, in concrete, heat transfer occurs predominantly via conduction 
only (Brandl, 2006). 
2.3.1.2 Heat convection 
Heat transfer by convection in soil occurs by the movement of fluid from one point to another 
through the pore space that exist within the soil mass. It is caused by the changes in fluid density 
as a result of change in temperature. The rate at which the fluid moves within the pores is largely 
governed by the soil grain size. Farouki (1981) reported that heat transfer by convection is 
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negligible in soils with grain sizes smaller than sand. However, in larger grain soils, fluids are 
allowed to easily flow through the pore space because of their large hydraulic conductivity 
(Nicholson et al., 2008). 
The fluid in partially saturated soil media exists in two phases: liquid water and vapour water. 
For example, upon applying heat to a partially saturated soil, heat transfer by conduction through 
the static solid soil skeleton occurs. However, when the fluid in the pores is heated, its density 
decreases due to an increase in temperature and pressure. The heated fluid molecules thereby 
move to areas of lower temperature to displace the denser fluid molecules. The denser molecules 
consequently move towards the location of higher temperature. This process continues until an 
equilibrium is reached. 
Thus, the combined effect of heat transfer by convection through both liquid and vapour phases 
should be accounted for in soils. The heat flow through liquid water can be mathematically 
expressed as 
 𝑞𝑙,𝑐𝑜𝑛𝑣𝑒𝑐 =  𝐶𝑤𝜌𝑤𝑈𝑤(𝑇 − 𝑇𝑟)          (2.3) 
Whereas, heat flow via vapour phase is mathematically defined as 
 𝑞𝑣,𝑐𝑜𝑛𝑣𝑒𝑐 =  𝐶𝑣𝜌𝑣𝑈𝑣(𝑇 − 𝑇𝑟)         (2.4) 
where Cw and Cv are the specific heat capacities of soil water and water vapour, ρw & ρv are the 
water and vapour densities; T is the applied temperature, 𝑻𝒓 is the reference temperature. Uw & 
Uv are the velocity vector of water and vapour respectively. 
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2.3.1.3 Heat radiation 
Heat radiation is the heat propagation through electromagnetic waves. In soils, heat transfer via 
radiation is very negligible (Brandl, 2006). Its effect in sandy soils, under normal atmospheric 
temperature, contribute to less than 1% of the total heat flow mechanism (Farouki, 1981). 
However, in coarse aggregates with larger particle size, radiation effect becomes significant. 
Wakao and Kato (1969) showed that, at normal temperature, radiation contribute to 10% of the 
total heat transfer in coarse aggregates of 20 mm size. Therefore, in soils, heat transfer by 
radiation can be neglected. 
2.3.1.4 Vaporisation and condensation 
The increase in temperature at a particular location, in partially saturated soils, result in 
evaporation of the liquid water. The water absorbs a latent heat of vaporisation of 586 Cal/g (at 
20oC) (Farouki, 1981) and turns into a vapour, which consequently increases in pressure, and 
diffuses through the pore space to the regions of lower vapour pressure. Heat transfer through 
water phase change (vaporisation and condensation) largely depend on the quantity of vapour 
transfer in the soil pores and it decreases the soil water content (Brandl, 2006). It is expressed 
mathematically as 
 𝑞𝑙𝑎𝑡 =  𝐿0𝜌𝑤𝑈𝑣         (2.5) 
where 𝑞𝑙𝑎𝑡  is the heat flux due to latent heat, 𝐿0 is the latent heat of vaporisation at reference 
temperature (𝑇𝑟).  
Therefore, the total heat flow in soil can be expressed mathematically as  
 𝑞𝑡𝑜𝑡𝑎𝑙 =  𝑞𝑐𝑜𝑛𝑑 +  𝑞𝑙,𝑐𝑜𝑛𝑣𝑒𝑐 +  𝑞𝑣,𝑐𝑜𝑛𝑣𝑒𝑐 +  𝑞𝑙𝑎𝑡       (2.6) 
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In addition to the above processes, freezing and thawing could significantly have an effect on the 
total heat transfer in soils. During freezing or thawing, a great amount of heat is removed or 
absorbed by the soil-water mixture to undergo a phase transition into ice or liquid. This is 
attributed to the crystalline nature of ice having a systemic arrangement of atoms which are 
characterised with intermolecular forces that are much stronger than when in liquid form. This 
ultimately results in higher effective thermal conductivity of ice (2.18 W m-1K-1) as compared to 
that of water (0.6 W m-1K-1) (Johansen, 1977 and Akrouch, 2014).  However, it should be noted 
that in soils, freezing occur at a temperature well below 0oC (Farouki, 1981). Systems installed 
in such conditions should be carefully designed to ensure the efficiency is not affected.  
It should be borne in mind that in dry fine soils, heat transfer purely takes place due to conduction 
because of the tiny or negligible pore sizes, while in saturated medium, both advection and 
conduction contribute to total heat transfer. However, in partially saturated soils, the heat transfer 
mechanism becomes complex because of the vapour and liquid water presence in the void spaces. 
Thus, in addition to the primary heat transfer mechanisms (conduction and convection via liquid 
water – Equations 2.2 and 2.3), Equations 2.4 and 2.5 need to be considered in determining the 
total heat flow in unsaturated soils. 
2.3.2 Heat flow mechanism across the GEP unit 
Within the concrete GEP, conduction is the dominant heat transfer mechanism across the 
concrete pile (𝑞𝑝𝑖𝑙𝑒) and the HDPE pipe (𝑞𝑝𝑖𝑝𝑒) as shown in Figure 2.4. During heat extraction 
or heating mode heat is transferred from the pile surface to the HDPE pipes. This is due to the 
temperature gradient between the particles at the pile surface and that close to the plastic pipes. 
This occurs via the vibration and interaction of the more energetic concrete particles at the pile 
surface, with the subsequent less energetic neighbouring ones towards the pipe, owing to increase 
in kinetic energy. Still, the fine and coarse aggregates in the concrete pile are bonded closely 
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together by the cement paste. This ensure that the void spaces, which depends on water – cement 
ratio, are minimised to nearly non-existent (Kim et al., 2014). The rate of heat transfer across the 
concrete and pipe depends on the thermal conductivity and the geometry of both the pile and 
HDPE pipes (Loveridge and Powrie, 2014a). 
 
Figure 2.4 Heat transfer within a GEP and soil 
Inside the plastic pipes, which contain the HCF, heat transfer process occurs due to convection 
(𝒒𝒇𝒍𝒖𝒊𝒅) as shown in Figure 2.4. This occurs when the fluid molecules collide with each other, 
after gaining energy, and thus go into random motion. This inter-molecular collisions, transfer or 
absorb heat from the pipe wall during HCF flow. The HCF flow is pumped driven, hence 
commonly referred to as forced convection (Loveridge, 2012). 
2.3.3 Groundwater flow mechanism 
The level and movement of groundwater greatly influence the performance of GEPs, when 
partially or fully embedded in saturated soils. In large granular soils, the groundwater table or 
level line separates the fully and partially saturated soil media (Diao et al., 2004). Above the 
water table line, the soil voids are filled with both air and water (held under capillary action). 
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Whereas below the water table line, the soil pores are fully filled with water. However, in very 
fine soils e.g. clay, the fully saturated zone in the soil mass could be located at a height well 
above the water table level (Akrouch et al., 2016). 
 The water table depth differs from one location to another depending on soil profile, soil cover, 
topography, surface runoff, evapotranspiration, evaporation and precipitation etc. (Thomas and 
Rees, 2009). The rate at which water flow through the soil pores varies, from meter per year to 
several meters per day, dependent upon the soil grain size and hydraulic gradient (Diao et al., 
2004).  
During the groundwater flow mechanism, heat is transferred by the moving fluid due to 
advection. This may alter the soil temperature distribution, which lower the soil temperature, and 
eventually, result in a steady condition (De Moel et al., 2010). This flow process is only 
applicable to soils with high permeability because of their porous nature to allow water flow 
through their voids. However, in low permeability soils, advection due to groundwater flow is 
insignificant due to their impervious nature (Thomas and Rees, 2009).  
Janssen et al. (2002 & 2004) showed that the heat transfer due to vapour flow alone in soil is 
insignificant, however, the bulk liquid water flow increases the total heat transfer by 5%. This 
signifies the vital impact groundwater flow has on pile performance. Correspondingly, during 
heat injection in summer, there is a possibility of heat build-up in the soil surrounding the GEP 
(De Moel et al., 2010). Groundwater flow could help in alleviating the problem by distributing 
the temperature around the pile, to other locations of lower temperature within the soil, and thus 
ensuring effective system performance. Additionally, groundwater flow could potentially lower 
the number of piles to be equipped with heat exchanging loops and the GEP length, due to their 
contributing factor in heat transfer, thus reducing the initial investment cost of the system (Jian-
lin et al., 2013). 
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2.3.4 Ground initial temperature 
The ground temperature at a shallow depth up to 10 m below ground level (bgl), is affected by 
the daily and seasonal weather cycles (Florides and Kalogirou, 2005). The former occurs due to 
solar radiation, ranging between 40 – 80 W/m2 in Europe (Busby et al., 2010), which penetrates 
to few centimetres of the topmost earth surface and the latter penetrating to greater depths of up 
to 15 m (Rybach and Sanner, 2000) depending on the soil thermal diffusivity (Busby et al., 2010). 
 
Figure 2.5 Ground temperature variations with depth for London clay calculated based on air 
temperature data measured at Guildford, Surrey 
However, at depths greater than 10 m bgl, the soil temperature remains relatively constant as 
shown in Figure 2.5 which depicts the calculated temperature distribution versus depth for 
London clay, based on air temperature data measured in Guildford, Surrey. This relatively 
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constant temperature permits sustainable heat utilisation for efficient building heating and 
cooling process. Similarly, it should be noted that at larger depths well below 10 m downward, 
there is a minor increase in temperature with depth. This is due to small amount of heat being 
conducted from the earth crust towards the surface (Busby et al., 2010). The average temperature 
gradient with depth is around 2.5°C per 100 m across the UK (Cleall, 1998; Loveridge et al., 
2013 and Busby, 2015). At a depth of between 20 – 60 m bgl, observed during a thermal response 
test carried out in East London and reported by Loveridge et al. (2013), the soil temperature 
remains relatively constant. This could be attributed to groundwater movement or due to heat 
losses from the urban environment. 
During the summer season, the mean ground temperature below 10 m depth exhibit lower 
temperature compared to the air temperature above the ground surface. Thereby allowing heat 
rejection, to achieve building cooling (Preene and Powrie, 2009 & De Moel et al., 2010). 
However, in winter, the air temperature becomes cooler. The heat stored in the ground during 
summer is extracted and used for heating. This maximises the efficiency and ensures effective 
GEP system design, by preventing high/low temperature build-up in the soil mass surrounding 
the GEP.  
Additionally, it is highly important to ensure that the long-term effect of heat injection/extraction 
does not degrade the system efficiency (Rawlings and Sykulski, 1999), due to the continuous 
accumulation/loss of heat, in the long run. This is generally not a problem where the system 
delivers equal energy for heating and cooling purpose. The heat extracted during winter for 
heating is restored back during summer and vice-versa, a phenomenon known as natural thermal 
recharging or natural thermal recovery (Singh et al., 2015 & Kawuwa et al., 2017). Similarly, in 
a monotonic system (designed for purely heating or cooling) natural recovery could be used to 
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restore the soil back to its initial state, but the output of the system will generally be lower 
compared to balanced system. 
However, in an unbalanced system (where either heating or cooling load is greater), other 
recovery methods should be employed to equate and balance the heat energy expended by the 
system. Integrating and hybridising the GEP systems, by equipping them, with solar collectors 
and cooling towers to forcefully recharge the ground was found to be effective in alleviating the 
energy imbalance within the system (Man, 2010; Wood et al., 2010 & Faizal and Bouazza, 2016). 
2.3.5 Soil hydraulic properties 
Soil hydraulic properties are an important parameters which govern the flow of heat and moisture 
through a particular soil. These parameters include the soil suction, saturated and unsaturated 
hydraulic conductivity of the soil. These parameters differ from one type of soil to another and 
are dependent upon soil type, grain size and soil saturation. These were shown to influence the 
rate of heat transfer in the soil (Farouki, 1981; Ewen and Thomas, 1989; Akrouch, 2014; Sani 
and Singh, 2018). 
2.3.5.1 Soil suction 
Soil suction is described as the deficiency in pressure of a pore liquid within a soil sample 
(Schofield 1935). In an unsaturated soil, more water will be absorbed into the soil, if additional 
water is available under atmospheric pressure, owing to the pressure deficiency (Sharma 1998). 
Total suction is generally defined as the free energy state or the relative vapour pressure (relative 
humidity) of the soil water (Edlefsen and Anderson, 1943). Several methods are available for 
measuring soil suction. These methods includes filter paper technique, pressure plate, relative 
humidity, high capacity tensiometers etc. (Lu and Likos, 2004; Lourenço et al., 2007).  
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Soil suction can be affected by many factors including soil moisture, temperature, compaction 
effort, dry unit weight etc. The effects of compaction effort on soil suction have also been widely 
discussed by several researchers: (Mou and Chu, 1981; Yang et al., 2015). Mou and Chu (1981) 
observed that the matric suction of compacted soils at a given moisture content increases with an 
increase in compaction effort. 
Furthermore, Yang et al. (2015) investigated the effect of temperature and moisture content on 
soil suction. Their study was carried out on a Zhisin clay characterised with a dry density of 1.6 
g/cm3; temperature range of 10, 25, 35 and 50°C; and moisture content of 10, 15 and 20%. Their 
result is shown in Figure 2.6 below. 
 
Figure 2.6 Combined effects of temperature and moisture content on total suction of Zhisin clay 
(after Yang et al. (2015)) 
Yang et al. (2015) showed that there is a significant decrease in total suction as the temperature 
of the soil specimen increases at low moisture content. However, at higher moisture content, a 
minor change of soil suction was observed due to the temperature rise. Thus, it can be deduced 
that at a given moisture content, the increase in soil temperature results in the decrease in total 
suction of the soil. The total suction of a soil is further divided into: matric and osmotic suction.  
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2.3.5.1.1 Matric suction 
Matric suction relates the combined effects of capillary potential and short-range adsorption (i.e. 
adsorption as a result of surface charge, van der Waals attraction and exchangeable cation 
hydration). The soil pores with small radii acts as capillary tubes, thus causing the pore liquid to 
rise above the water table. The capillary phenomenon forms a meniscus (curved water surface) 
at the soil-air interface, which has a negative pressure in comparison to the atmospheric pressure. 
The radius of the meniscus is inversely proportional to the difference between air and water 
pressure across the surface and is referred to as matric suction (𝑢𝑎 − 𝑢𝑙) defined mathematically 
as  
  𝑢𝑎 − 𝑢𝑙 =
2𝑇𝑠
𝑟𝑠𝑝
𝑐𝑜𝑠𝜃𝑚        (2.7) 
where, Ts is the water surface tension, rsp is the radius of pore soil and θm is the angle of contact 
between menisci and wall of soil pore. 
2.3.5.1.2 Osmotic suction 
Osmotic suction, 𝝅, relates the ionic solution in a soil sample to its dissolved salt concentration. 
It is calculated from van’t Hoff equation (Mata et al., 2002) as: 
 𝜋 = 𝑖𝑀𝑅𝑇          (2.8) 
where I is the van’t Hoff factor, M is the molarity of the dissolved ions in the soil solution in 
mole/litre, R is the universal gas constant (8.32 litre.kPa/moleK) and T is the absolute 
temperature (K). 
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2.3.5.2 Soil water retention curve (SWRC) 
The soil water retention curve (SWRC) or soil water characteristic curve (SWCC) describes the 
relationship between suction and volumetric water content. Alternatively, in the SWRC, the 
suction can be represented in the form of water potential and the water content in gravimetric 
form or degree of saturation. The SWRC is often plotted on a logarithmic scale in order to account 
for the entire suction range (Fredlund and Xing, 1994). This is especially common where 
measurement of suction is carried out on clays with typical suction values ranging in MPa. There 
are several factors that affects the SWRC of a particular soil including: soil type, particle size 
distribution; chemical composition; inter-particle forces such as particle shape, particle 
interstices and asperities etc. (Yang et al., 2004; Houston et al., 2006; Kawajiri et al., 2010; 
Kasangaki et al., 2012, 2013).  
Several methods are available for measuring soil suction. These methods includes filter paper 
technique, pressure plate, relative humidity, high capacity tensiometers etc. (Lu and Likos, 2004; 
Lourenço et al., 2007). However, only two of the methods were used in this study i.e. the filter 
paper technique and relative humidity method. 
2.3.5.2.1 Filter paper technique 
The idea of using filter paper to measure soil suction originates from the work of Schull in 1916 
(Leong et al., 2002). Its first use is credited to Gardner (1937) who used filter papers as soil 
suction sensor. The method assumes that, in a closed constant temperature and humidity 
environment, a filter paper and a soil with a specific suction will come to an equilibrium. This is 
often achieved by the transfer of liquid or vapour between the soil and filter paper. The suction 
measurement using filter paper can be carried out in two ways: contact and non-contact methods. 
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The contact method involves placing a dry filter paper in contact with a soil sample having a 
specific moisture content. Water will flow from the soil to the filter paper until a state of 
equilibrium is achieved. It is assumed that there will be no osmotic effects thus allowing the 
matric suction to be measured. However, in the non-contact method, the filter paper is suspended 
in the headspace of an airtight container. This allows the transfer of vapour from the soil to the 
suspended filter paper until an equilibrium is established. This approach allow the total suction 
to be measured which is determined based on the amount of water adsorbed by the filter paper at 
equilibrium and is a function of the pore air relative humidity (Lu and Likos, 2004).  
2.3.5.3 Saturated hydraulic conductivity  
The saturated hydraulic conductivity (Ksat) of a soil describes its ability to easily allow moisture 
flow through its pores. It is also known as permeability and is given by Darcy’s law, presented 
in Equation 2.10, as the proportionality constant which relates the rate of water flow through a 
unit cross-sectional area under a unit hydraulic gradient. The Ksat depends on the intrinsic 
permeability of the soil which is governed by the soil grain size, and fluid properties such as 
viscosity and density. Similarly, temperature also influences the Ksat value. Where the Ksat 
measurement was taken at 20°C, the value obtained is regarded the 100% accurate value. 
However, at a temperature of 0°C and 10°C, the measured values for Ksat are 56% and 77% of 
the true value because of the influence of temperature on viscosity of water (Craig, 2004; Das, 
2008; Powrie, 2019). 
𝐾𝑠𝑎𝑡 =  
𝑞
𝐴𝑖
          (2.9) 
where q is the quantity of water discharged per unit time (m3/s), A is the area (m2) and i is the 
hydraulic gradient. 
𝑞 =  
𝑄
𝑡
           (2.10) 
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and  
𝑖 =  
ℎℎ𝑒𝑎𝑑
𝐿𝑚𝑎𝑛𝑜𝑚𝑒𝑡𝑒𝑟
          (2.11) 
where Q is the volume of water collected (m3), t is time (s), hhead is the pressure head in 
manometers (mm), and Lmanometer is the length between the two manometers (mm).  
2.3.5.4 Unsaturated hydraulic conductivity  
The unsaturated hydraulic conductivity (kl) is the measure of the rate at which water flows 
through a soil when the soil is in unsaturated state. Several expressions where developed to 
indirectly determine the unsaturated hydraulic conductivity of soils.  
Brooks and Corey (1964) proposed a model of determining the kl value which relates the 
saturated hydraulic conductivity (Ksat), air entry value (Sb), soil suction (S) and pore size 
distribution index (λp).the mathematical expression is given as: 
  𝑘𝑙 = 𝐾𝑠𝑎𝑡 [
𝑠𝑏
𝑠
]
2+3𝜆
        (2.12) 
Furthermore, Melhuish (2004b) have shown that the kl value is a function of the void ratio, degree 
of saturation and temperature. A relationship between kl and Ksat has been reported by (Melhuish, 
2004) calibrated based on the results of the experiment conducted by (Bӧrgesson and Hernelind, 
1998). The mathematical relationship is given as: 
 𝑘𝑙 =  (𝑆𝑙)𝛿𝐾𝑠𝑎𝑡        (2.13) 
where ksat is the saturated hydraulic conductivity (m/s), δ is a parameter ranging between 3 and 
10 (Bӧrgesson and Hernelind, 1998). In this study, a value of 3 was chosen when computing the 
𝑘𝑙 value. 
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2.3.6 Soil thermal properties 
The thermal properties of soil are significantly important for GEP system design to accurately 
estimate the amount of heat that can be extracted/injected into the soil. These properties are the 
thermal diffusivity and thermal conductivity. This section describes these parameters and how 
they are measured.  
2.3.6.1 Soil thermal diffusivity and conductivity  
Soil thermal diffusivity (α) is the measure of how easily heat disperses or diffuses through the 
soil mass. The thermal diffusivity is computed as the thermal conductivity of the material divided 
by the product of its density and specific heat capacity. Whereas the soil thermal conductivity 
(λs) relates to the rate or degree at which the soil mass transfer heat from one area to another per 
unit time. It can be determined either through field measurements or laboratory test. The former 
is measured through the thermal response test (TRT), while the latter is further classified into 
steady and unsteady state methods.  
2.3.6.1.1 Soil thermal response test (TRT) 
The test is conducted by circulating a heated fluid (water or water + antifreeze) through the 
energy loop(s) enclosed inside a ground heat exchanger, generally a borehole having a length of 
at least 100 m (Loveridge, Olgun, Brettmann and W Powrie, 2015). The fluid circulation process 
is maintained for 2-3 days or more until a steady state is reached. The inlet and outlet temperature 
are monitored over time along with the input heating power. This method assumes the heat 
exchanger to be a heat source of an infinite length. The soil thermal conductivity (λs) is computed 
using Equation 2.14, by obtaining a slope (k) of the graph of the changes in average fluid 
temperature (Tf) versus natural logarithm of time. The heat exchanger thermal resistance (RGEP) 
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is obtained as the intercept (γ) of the plotted graph using Equation 2.15. More details about this 
method can be found in Loveridge et al. (2013).  
𝜆𝑠 =  
𝑄
(4𝜋𝑘𝐿)
         (2.14) 
𝑅𝐺𝐸𝑃 = (
𝐿
𝑄
) 𝑚 − (
𝐿
𝑄
) 𝑇𝑓 − (
1
(4𝜋𝜆𝑠)
) (𝑙𝑛 (
16𝜆𝑠
𝐷𝐺𝐸𝑃
2 𝜌𝑠𝐶𝑠
) − 𝛾)   (2.15) 
where Q is heat exchange rate (W), m is the mass flowrate (kg/s), L is the GEP length (m), DGEP 
is the GEP diameter (m), ρs is soil density, Cs is soil specific heat capacity. 
This method of estimating thermal conductivity is only suitable for boreholes, because of their 
greater length to diameter ratio than the GEPs. Nevertheless, Loveridge et al. (2015) connected 
3 GEPs, having a length of 18.3 m each, in series to increase the fluid circulation length. This 
was found to provide a solution to pile overheating in single GEPs due to their shorter length. 
This is especially crucial where oversized heaters are used to supply heat to the HCF and 
consequently the GEP unit(s). 
In addition to the TRT test, the thermal performance test (TPT) can be used to determine the heat 
exchanging rate of a GEP and its surrounding soil. The test is carried out by circulating water at 
constant temperature through the inlet pipe of the GEP (Tin). This can be achieved through the 
use of heaters attached to dedicated temperature controllers to monitor and maintain the 
temperature at the inlet pipe. The outlet water temperature (Tout) and the HCF velocity are then 
monitored throughout the test (You et al., 2014). The GEP’s heat exchange rate (Q) in watts (W) 
and the average heat exchange rate (q) per meter length of the GEP are given below: 
𝑄 = 𝑚𝐶𝑤(𝑇𝑜𝑢𝑡 − 𝑇𝑖𝑛)      (2.16) 
𝑞 =
𝑄
𝐿
         (2.17) 
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The difference between the TRT and TPT test is that the TRT maintains a constant heat flux and 
allow the inlet fluid temperature to vary, whereas TPT maintains a constant inlet fluid 
temperature and allow the heat flux to vary.  
2.3.6.1.2 Steady state method 
The steady state method is measured by applying heat to a soil specimen in one Dimension. The 
input power and temperature change across the specimen is monitored and measured after a 
steady state is reached. The Fourier’s law of heat conduction is used to calculate the thermal 
conductivity for the applied heat flux and temperature change monitored. This method is also 
referred to as divided bar method. Other techniques that can be employed in determining thermal 
conductivity via the steady state include the guarded hot plate test in accordance with ASTM 
1963; heat meter; cylindrical configuration method; thermal cell (Farouki, 1981; Cecinato et al., 
2011; Low et al., 2013, 2014 & 2015). 
2.3.6.1.3 Unsteady state method 
This method is also known as a transient method. It is carried out by applying heat to a soil 
specimen and observing the change in temperature over time. The thermal conductivity is then 
computed using the analytical solution of the diffusion equation. This method is like TRT but at 
a much smaller scale. Other transient methods include the needle probe method; periodic 
temperature waves and thermal shock method (Farouki, 1981; Low et al., 2013, 2014, 2015). 
The simple and most widely used transient method is the needle probe method. It also goes by 
the name hot wire method, probe method or line source method (De Moel et al., 2010). It 
measures the rate of temperature change in a soil specimen by assuming the soil to be an infinite 
homogeneous medium along a line heat source.  
2.3.6.1.4 Analytical approaches of determining soil thermal conductivity 
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A.) Kersten (1949) model 
Different analytical models have been developed and reported in literature for determining the 
thermal conductivity of partially saturated soils (Johansen, 1975; Farouki, 1981). Kersten (1949) 
conducted some series of laboratory experiments on 19 different types of soils and crushed rocks. 
Based on the results from the tests, he proposed empirical equations that relates the thermal 
conductivity of soils with water content (w) in % and dry density (ρd) in g/cm3. Kersten proposed 
the equations for frozen and unfrozen fine and coarse soils. 
For unfrozen silt and clay soils, with a temperature of about +4°C, the thermal conductivity 
relationship is given as: 
𝜆𝑠 = 0.1442 [0.9𝑙𝑜𝑔𝑤 − 0.2] × 10
0.6243𝜌𝑑     (2.18) 
Whereas for frozen silts and clays, at temperature of -4°C, the relationship is given as: 
𝜆𝑠 = 0.001442 (10)
1.373𝜌𝑑 + 0.01226 (10)0.4994𝜌𝑑  × 𝑤   (2.19) 
Equations (2.18) and (2.19) are valid for silt and clay soils with moisture content of 7% or higher. 
Kersten compared the results obtained using the above equations and the measured data. He 
found out that the equations resulted in an error of about 25%.  
On the other hand, for coarse soils (sands), Kersten proposed Equations (2.20) and (2.21) for 
sands in unfrozen (+4°C) and frozen (-4°C) states as: 
𝜆𝑠 = 0.1442 [0.7𝑙𝑜𝑔𝑤 + 0.4] × 10
0.6243𝜌𝑑     (2.20) 
And 
𝜆𝑠 = 0.01096 (10)
0.8116𝜌𝑑 + 0.00461 (10)0.9115𝜌𝑑  × 𝑤   (2.21) 
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Equations (2.20) and (2.21) are suitable for sandy soils, having high quartz content up to 60%, 
with silt-clay content of less than 20%. Kersten showed that the equations provided results that 
are within 25% of the measured data. However, for soils with low or very high quartz content, 
the Kersten’s method fails to accurately capture the true thermal conductivity value of the soil.  
B.) Johansen (1975) model 
In addition, Johansen (1975) introduce the concept of normalised thermal conductivity based on 
the experimental data provided by Kersten (1949). Johansen proposed that the effective thermal 
conductivity (λe) can be related to the normalised (λn), dry (λdry) and the saturated (λsat) soil 
thermal conductivities, and the function of the degree of saturation of the soil (Sl) as shown in 
Equation (2.22).  
 𝜆𝑛 =
𝜆𝑒 − 𝜆𝑑𝑟𝑦
𝜆𝑠𝑎𝑡 − 𝜆𝑑𝑟𝑦
 = 𝑓 (𝑆𝑙)        (2.22) 
When λn = 0, meaning λe = λdry, it represents the lower limit condition which is the case for dry 
soils. However, in the upper limit, λn = 1, when λe = λsat, for fully saturated soils. 
Johansen (1975) proposed the formula for computing the normalised thermal conductivity of the 
unfrozen fine-grained soils shown in Equation (2.23), and medium/fine coarse soils (sands) given 
in Equation (2.24) as:  
 𝜆𝑛 = log (𝑆𝑙) + 1     (𝑆𝑙  > 0.1)      (2.23)  
𝜆𝑛 = 0.7log (𝑆𝑙) + 1     (𝑆𝑙  > 0.05)      (2.24) 
The saturated soil thermal conductivity (𝜆𝑠𝑎𝑡) can be obtained using the geometric mean 
equation, shown in Equation (2.25) below  
 𝜆𝑠𝑎𝑡 = 𝜆𝑠
1−𝑛𝜆𝑤
𝑛         (2.25) 
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where 𝜆𝑠 is the thermal conductivity of the soil solid particles (Table 2.1); 𝜆𝑤is the water thermal 
conductivity (0.6 W m-1 K-1); and n is soil porosity, as a decimal.  
Table 2.1 Thermal conductivity and density of some materials (after Côté & Konrad (2005)) 
Material Density, 𝛒𝒔 (g/cm
3) Thermal Conductivity, 𝝀𝒔 (W m
-1 K-1) 
Anorthosite 2.73 1.8 
Basalt 2.90 1.7 
Diabase 2.98 2.3 
Dolostone 2.90 3.8 
Gabbro 2.92 2.2 
Gneiss 2.75 2.6 
Granite 2.75 2.5 
Limestone 2.70 2.5 
Marble 2.80 3.2 
Quartzite 2.65 5.0 
Sandstone 2.80 3.0 
Schist 2.65 1.5 
Shale 2.65 2.0 
Syenite 2.80 2.0 
Trap rock 2.90 2.0 
Silt and clay 2.75 2.90 
The thermal conductivity of the solid particles can be computed using the geometric mean 
equation and the quartz content present in the total solid soil particle, shown in Equation (2.26).  
 𝜆𝑠 = 𝜆𝑞
𝑗 𝜆0
1−𝑗
         (2.26) 
𝜆𝑞 is the quartz thermal conductivity and 𝜆0 is the thermal conductivity of other solid minerals. 
𝜆0 varies between 2 (W m
-1 K-1) for soils with j>0.2 and 3 (W m-1 K-1) for soils with j< 0.2, 
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respectively. The dry soil thermal conductivity can be determined through its dry density as 
shown in Equation (2.27). 
 𝜆𝑑𝑟𝑦 =
0.135𝜌𝑑 + 64.7
2700 − 0.947𝜌𝑑
        (2.27) 
The Johansen’s method are only applicable for soils with degree of saturation value of 0.2 and 
above.   
C.) Côté & Konrad (2005) model  
The normalised thermal conductivity expression proposed by Johansen (1975), was used and 
further developed by Côté & Konrad (2005), to establish a generalised model of predicting the 
thermal conductivity of soils and other construction materials. Their generalised equation, shown 
in Equation (2.28), was defined as a function of degree of saturation (Sl) and soil texture 
dependent parameter (ƙ) given in Table 2.2 below. 
 𝜆𝑛 =
ƙ 𝑆𝑙
1+(ƙ −1)𝑆𝑙
        (2.28) 
Table 2.2 Soil texture parameters (ƙ) for frozen and unfrozen soils (after Côté & Konrad (2005)) 
Soil  type Frozen Unfrozen 
Gravels and coarse sands 1.70 4.60 
Medium and fine sands 0.95 3.55 
Silty and clayey soils 0.85 1.90 
Organic fibrous soils (peat) 0.25 0.60 
In addition, Côté & Konrad (2005) proposed another empirical formula that directly relates the 
thermal conductivity of dry soils to its porosity as: 
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 𝜆𝑑𝑟𝑦 = 𝑋10
−𝜍𝑛        (2.29) 
where X and ς are parameters that accounts for the shape effect given in Table 2.3 below. 
Table 2.3 X and ς parameters different soils types (after Côté & Konrad (2005)) 
Soil  type X (W m-1 K-1) ς (unit less) 
Crushed rocks and gravels 1.70 1.80 
Natural mineral soils 0.75 1.20 
Organic fibrous soils (peat) 0.30 0.87 
Similarly for fully saturated soils, Côté & Konrad (2005) adopted Equation (2.25) above, and 
rewritten here as Equation (2.30) as: 
 𝜆𝑠𝑎𝑡 = 𝜆𝑠
1−𝑛𝜆𝑤
𝑛         (2.30) 
where density of water, λw = 0.6 (W m-1 °C-1), ρs is the density of soil solid particles, and 
 𝑛 = 1 −
𝜌𝑑
𝜌𝑠⁄         (2.31) 
D.) Lu et al. (2007) model 
Another empirical formula was proposed by Lu et al. (2007) for different soil types based on the 
degree of saturation, soil texture and shape factor parameters, given in Equation (2.32) below: 
 𝜆𝑛 = 𝑒𝑥𝑝{ƙ [1 − 𝑆𝑙
(ƙ − 1.33)]}       (2.32)  
where ƙ is the soil texture parameter (unit less) which was reported as 0.96 and 0.27 for coarse 
and fine textured soils respectively. Furthermore, they proposed a simple empirical linear 
equation which relates the dry soil thermal conductivity and soil porosity given in Equation 
(2.33). 
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 𝜆𝑑𝑟𝑦 =  −𝑎𝑛 + 𝑏        (2.33) 
where a and b are fitting parameters, which are reported as 0.56 and 0.51 respectively for soil 
porosity ranging between 0.2 and 0.6 i.e. 0.2 ˂ n ˂ 0.6.  
E.) Melhuish (2004) model  
Melhuish (2004) proposed an analytical expression, for determining the thermal conductivity of 
unsaturated clays. The formula was based on the laboratory experimental results reported by 
Bӧrgesson and Hernelind (1998) to fit and calibrate the expression. He reported the thermal 
conductivity of clays in unsaturated condition to be a function of the thermal conductivities of 
the soil at dry and saturated conditions given as: 
 𝜆𝑠 = 𝜆𝑑𝑟𝑦 + (𝜆𝑠𝑎𝑡 −  𝜆𝑑𝑟𝑦)        (2.34) 
F.) Ewen and Thomas (1989) model 
More recently, the thermal conductivity of coarse soils (sands) have been proposed by Ewen and 
Thomas (1989). Their expression was estimated based on some series of laboratory test results 
which was used to calibrate and validate the mathematical expression. The expression is given 
as: 
 𝜆𝑠 = 0.256 + 2.548 [1 − 𝑒𝑥𝑝(−22.94𝜃)]       (2.35) 
where θ is the volumetric moisture content of the sand, which can be expressed in terms of the 
soil porosity and degree of saturation as follows: 
 𝜃 = 𝑛 𝑆𝑙          (2.36) 
2.4 Design and installation of a geothermal energy pile system 
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This section superficially describes the design and installation procedure of the GSHP system 
and the numerous factors that should be carefully considered during the planning, preliminary 
and detailed design, and construction process. These factors if carefully and effectively studied 
and implemented will go a long way to ensure an optimised system which performs efficiently 
is installed.  
Note: before going on with the description of the design and the installation process of the GEP 
system and its factors. It is appropriate to issue some quick caveats here.  
The description given in this work is aimed at providing a general information and system 
specification of a GEP system. It is not meant to be a detailed design and installation guidelines, 
training manual or in any way serve as a substitute to the available design standards. Thus, no 
responsibility can be accepted by the authors for underperformance of the system. With that said, 
the authors recommend that the design and installation should conform and be carried out in 
accordance with the available and established standards. For this purpose, readers are referred to 
ASHRAE handbook (Ashrae, 2002; ASHRAE, 2011), Verein Deutscher Ingenieure (VDI) 4640 
technical guidelines Part 1–4 (Reuss et al., 1998), and the thermal pile design, installation and 
materials standards published by the GEP association in the UK (GSHP Association, 2012), for 
the design and installation of open loops and closed loops GEP systems.  
It is advisable that experts should be involved at the early stages of the project initiation, design 
and construction to ensure that the designed and installed GEP system meets its intended use. 
Doing this, will ultimately, result in an effective system design and installation, with the lowest 
possible implementation cost, and also negligible running cost. This therefore prevents costly 
refurbishment and renovation of the system as a result of poor and unsatisfactory design process. 
In most cases, this tends to be much more expensive than what the system should have initially 
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cost, had it been a good design and installation procedure were followed in the first instance. 
Current available design standards are described in details below. 
2.4.1 Available standards for GEP design 
The design of simple ground heat exchanger system can be carried out in accordance with the 
Rule of Thumb method (Brandl, 2006 & Loveridge, 2012). These simple design guidelines, 
published by Verein Deutscher Ingenieure (VDI 1998), are founded on assumptions that certain 
amount of heat can be extracted based on the ground heat exchanger geometrical dimension. 
These assumptions are tabulated below 
Table 2.4 Rule of Thumb for GEP energy output 
GEP dimension Heat extraction rate Source(s) 
300 mm – 500 mm in diameter 40 – 60 W/m run (Brandl, 2006 & Loveridge, 2012) 
≥ 600 mm diameter 35 W/m2 
Pile foundations 15 – 80 W/m (Boënnec, 2008) 
For the detailed analysis and design of a larger scale and complex ground heat exchanger system, 
the rule of thumb method is not recommended (Boënnec, 2009). Nevertheless, they could still be 
useful for carrying out preliminary design studies. Some of the widely-used design guides are as 
follows  
 In the UK, the GSHP association has published a standard for the design, installation and 
materials standards for GEP construction (GSHP Association, 2012). The design guide 
covers the preliminary design stage specifying the various roles and responsibilities each 
party has towards achieving a successful project design and implementation. Similarly, it 
has also covered both the thermal and mechanical analysis and design of the GEP. 
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 In Germany, the Verein Deutscher Ingenieure (VDI) 4640 technical guidelines Part 1 – 4, 
published by the German Association of Engineers, provide detailed information regarding 
heat pump system (Reuss et al., 1998). PART 1: discusses the required approvals, 
principles of system design and environmental considerations to take note of. PART 2: 
gives a detailed account of the design and installation procedure of groundwater wells, 
horizontal loops and borehole heat exchangers. However, it only mentioned that piles can 
be used as boreholes but failed to capture the design and installation steps for the thermal 
piles. This is being reconsidered and most likely the next version of the VDI will account 
for the GEP analysis and design (Bourne-Webb et al., 2016). PART 3: cover the aspect of 
using the ground for energy storage, while PART 4: deliberates on the direct use of the 
underground systems without the heat pump connected. This includes utilising air as the 
heat carrier medium rather than fluid, generally used for preheating or cooling of 
ventilation air (Reuss et al., 1998). 
Other design guides include: the guidelines for geo-exchange systems in British Columbia, 
Canada; the Swiss guideline SIA D0190; EN 15450 – Heating systems in buildings - Design of 
heat pump heating systems; (ÖNORM M 7755-1) Electrically driven heat pumps - part 1: 
General requirements for design and construction of heat pump heating systems; ASHRAE 
Standard 90.1: Geothermal System design etc. (Reuss et al., 1998; Dincer and Sanner, 2001; 
Sanner et al., 2008; Bourne-Webb et al., 2016 & Sanner, 2016). It is important to note that the 
SIA D0190 covers general construction guide such as pipe arrangement, and take into cognisance 
additional thermal load and the possibility of differential settlement. The SIA D0190 refers to 
the use of a numerical tool ‘’PILESIM’’, for calculating the thermal performance of GEP systems 
(Bourne-Webb et al., 2016).  However, it does not account for other ground energy structures.   
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2.4.2 GEP system design steps 
The design of any GEP system needs to take into consideration both the geotechnical and thermal 
interactions of the system at the early design stages, as shown in Figure 2.7. This is carried out 
to fully represent the coupled Thermo-hydro-mechanical behaviour of the system during service 
life. Firstly, the impact of some vital factors, recognised in past application (Dincer and Sanner, 
2001), which could have adverse consequences on the overall system performance, should be 
carefully investigated. This will avert future refurbishment and renovation works that could 
significantly make the system costly and less viable. These factors include, but are not limited to 
the following: 
 Determine the desired building hourly heating and cooling load   
 Building usage 
 Type of occupancy 
 Also, the possibility of heat losses that may occur in the system should be accounted for. 
This is usually factored into the heating/cooling loads.  
 Similarly, the sustainability of various components and sub-components in the system 
should be considered. 
The above factors will play a key role in determining the mode of operation of the system, 
whether for mono-directional (only heating or cooling operation) or bidirectional mode (heating 
and cooling operation) (De Moel et al., 2010). Furthermore, they aid in achieving an optimised 
overall system design at a lower installation and running cost, as against an inefficient one which 
could consume more energy and lead to a higher operational cost in the long run (Brandl, 2006 
& Brandl et al., 2006). 
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In addition to the above factors, an extensive geotechnical investigation of the construction site 
should be conducted to determine the following parameters, of which some of them may be 
already required if the GEPs are primarily needed for structural stability (Brandl, 1998; 
Kavanaugh, 1998 & Katzenbach et al., 2014). They are: 
 Hydrogeological properties (include groundwater level, direction of groundwater flow and 
its velocity etc.) 
 Geothermal properties such as thermal conductivity, ground temperature gradient, initial 
ground temperature etc. 
 Geotechnical properties of soil e.g. water content, density, void ratio, shear strength 
parameters, hydraulic properties etc. 
 Buildings structural properties e.g. foundation depth, pile arrangement and spacing, 
installation method, pile type and size etc. 
 Soil minerals and chemical composition 
Furthermore, emphasis should be placed in making sure that the foundation elements are not 
imposed with an excessive thermal load that is beyond the design capacity, rather it should be 
maintained within acceptable limits. Through a controls system, acceptable temperature limits 
should be set to enable a system switch off to guarantee long-term system performance, thereby 
protecting longevity and efficiency of the GEP system throughout  the design life of the building. 
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Figure 2.7 GEP design flowchart 
As part of the design process, an evaluation of the system should be carried out to confirm the 
amount of heating and cooling the GEPs can supply. At the same time the design will need to 
identify the level of top–up heating and cooling that is needed from conventional heating and 
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cooling systems.  It is generally a good practice to allow for some margin of error, between the 
needed energy demand and the predicted system capacity, in the GEP system design, as shown 
in the design flow chart in Figure 2.7. A recommended practice reported by Bourne-Webb et al. 
(2013) is to allow for 10% margin between the required amount and the predicted output capacity 
of the system. This is then reviewed as the project progresses towards completion. 
Additionally, a numerical modelling and simulation of the project, particularly projects of larger 
scale, comprising of the components of the GEP unit (pile, pipes and HCF) should be carried out 
(Brandl, 2006) with the total energy demand superimposed on the GEPs. This could be done with 
numerical tools like “Thermo-pile” (Mimouni and Laloui, 2013). This will aid in giving a clear 
picture of how the system will perform under working condition. Similarly, it helps in figuring 
out possible issues which were overlooked during the design stages. 
2.4.3 GEP system implementation issues 
GEPs if analysed, designed and installed correctly provide an ideal renewable solution to the 
building heating and cooling need. However, there are some issues that still exist which could 
arise during the preliminary design and installation stages that can significantly impact on the 
GEP performance. These issues include pipe installation and its technique, pipe defects, shortage 
of skilled experts and understanding individual and collective roles between different parties 
involved (De Moel et al., 2010; Amis and Loveridge, 2014). Among the possible solutions to 
minimise these issues is to ensure that experts in this field are consulted. Also, early coordination 
between all parties that will be involved in the GEP design and installation, whether directly or 
indirectly, is of paramount importance (Kavanaugh, 1998; Amis and Loveridge, 2014). This will 
ensure that the design and construction process occurs smoothly and is not affected by any 
additional costs. On the issue of skilled expert shortage, the Ground Source Heat Pump 
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Association (GSHPA), UK have urged consultants to train their engineers and closely monitor 
the project as it progresses (Boënnec, 2008). 
2.5 Thermo-mechanical behaviour of geothermal energy piles 
The process of heat energy extraction and injection i.e. heating and cooling cycles imposes 
additional changes on the primary structural function of a GEP heat exchanger. This results in a 
complex dynamic behaviour within and around the pile, particularly considering the nature of 
how piles support loads: friction piles (which resist load through shaft contact with the 
surrounding soil) and end bearing piles (which utilises both the shaft and the pile toe for load 
resistance). This dynamic behaviour has influence over the thermal performance, geotechnical 
performance and economic perspective of the pile heat exchanger system.  
The GEP heat exchanger system can be used for heating, cooling and both heating and cooling 
operations. Operating the system for purely heating or cooling purpose will result in an 
unbalanced energy changes in the ground due to continuous heat extraction or injection over the 
operational years, which could potentially induce a plastic behaviour in the soil surrounding the 
pile. To achieve a better thermal performance, the system should be used for both heating and 
cooling operation which presents an environmental friendly solution coupled with energy balance 
in the ground. The heat energy extracted during winter to satisfy the building heating need is 
injected back during summer to sustainably cool the building. Similarly, accurate assessment of 
the soil thermal properties could yield to an efficient and economic system design. Furthermore, 
energy piles are shorter in length compared to boreholes, which means they may be embedded 
in a fully/partially saturated or dry soil which greatly influence their thermal properties.  
From the geotechnical design perspective, structural piles are designed to withstand vertical loads 
and avoid overturning, by utilising pile-surface and soil for resistance or combination of pile-
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surface and pile toe. However, under thermal cycle, the pile and the surrounding soil experiences 
a large stress and strain development which could alter their behaviour. In summer, energy piles 
and the soil mass (solid skeleton and pore fluid) expand due to heat injection. This dilation 
because of temperature change results in the development of compressive stresses within the pile. 
While in winter, they contract, which induces tensile stress in the pile. This cyclic loads could 
have an impact on the pile concrete and the overall shaft capacity of the pile, particularly in 
problematic soils (clay). Hypothetically, the continuous cyclic expansion and contraction due to 
extreme temperatures could result in the development of tiny hair lines at the aggregate, cement 
mortar and/or reinforcement interface which may rupture the concrete pile on the long run. 
Similarly, installation of HDPE pipes may reduce the concrete area of the piles (You et al., 2016). 
Assuming 900 mm diameter pile, incorporated with 4 U loops, having an outer diameter of 32 
mm. The reduction in concrete cross-sectional area is about 1.02% which is negligible to the 
structural performance. However, where the pile section is smaller and higher number of loops, 
with larger pipe diameter, are installed, the reduction in concrete area should be taking into 
consideration.  All the mentioned factors occur because of inappropriate feasibility study and 
design, therefore causing concrete damage or weakening of the pile-soil interface, thereby 
affecting the durability and overall safety of the energy piles.  
Furthermore, this section first presents the general theoretical mechanism of the GEP behaviour 
under thermo–mechanical loading, and its interaction with the surrounding soil. The descriptions 
of various field tests, laboratory experiments and numerical studies along with their 
corresponding conclusions are then reported.  
In addition, it should be noted that some of the studies reviewed in this section were carried out 
on both the thermo-mechanical and thermal performance of the GEPs. Thus, in such a case, the 
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findings of the thermo-mechanical behaviour of the GEPs are discussed here, while the 
conclusions on the thermal performance are presented in Section 2.6. 
2.5.1 Theoretical mechanism of a GEP heat exchanger 
The process of heat application on GEP alter its loading characteristics compared to an ordinary 
mechanically loaded pile. These coupled thermal and mechanical characteristics were reported 
in various field, laboratory and numerical studies (Laloui and Moreni, 1999; Cekerevac and 
Laloui, 2004; Brandl, 2006; Laloui et al., 2006; Amis et al., 2008; McCartney and Rosenberg, 
2011; Amatya et al., 2012; Wang et al., 2014; Singh et al., 2015 and You et al., 2016). They all 
reported that the process of heat extraction and injection cycle causes nominal changes to load 
profiles, stresses and strains in the GEP and surrounding soil.  
In theory, when a GEP is heated, it expands and contracts about a central line known as neutral 
axis or null point. The null point is the point where the positive and the negative thermal strains 
are equal. The expansion and contraction induce additional thermal strains (εth) and stresses (σth) 
in the GEP, dependent upon end and boundary restraints. These complex behaviours were 
described in the literature (Bourne-Webb et al., 2009 & Amatya et al., 2012) and are also 
described below, considering different boundary and end restraint conditions. 
i. Under purely mechanical loading (𝑷𝑴), the pile gets compressed and moves downward into 
the soil in the direction of the load applied. The pile is prevented from sinking into the soil 
due to skin friction (shaft resistance at the pile and soil interface) in floating piles, or a 
combination of shaft and pile-toe resistance in the case of non-floating or end bearing piles. 
Therefore, the pile surface resistance remains constant, and the strains and load developed 
decreases with depth linearly Figure 2.8a. Mathematically expressed as  
σ𝑀 =
𝑃𝑀
𝐴
             (2.37) 
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ε𝑀 =
δl𝑀
L
            (2.38) 
P𝑀 = −
EA δl𝑀
L
           (2.39) 
where σ𝑀 – stress developed due to a mechanical load (P𝑀); E – Young’s modulus or material 
stiffness; δl𝑀 – deformation due to mechanical load application; L – Original pile length; ε𝑀–
Induced strain; A – Pile cross-sectional area. The negative sign (–) indicates the effect of counter 
force provided by the surrounding soil to prevent pile sinking. 
ii. Under pure cooling load without end restraints (𝑷𝒕𝒉,𝑪), the pile will contract but the soil 
mass surrounding the pile–surface will pull the pile and oppose the contraction, hence, 
leading to the development of tensile strains and stresses in the GEP. The shear stress pattern 
mobilised at the top half of the pile is similar to that developed by a pile under pure 
mechanical load application, while opposite at the pile lower half. The stress and strain 
profiles are shown in Figure 2.8b. The thermal load developed in the pile due to pile 
contraction is mathematically defined as 
P𝑡ℎ,𝐶 = −EA ε𝑡ℎ,𝐶         (2.40) 
ε𝑡ℎ,𝐶 =
δl𝑡ℎ,𝐶
L
=  𝛼𝐶  ∆𝑇        (2.41) 
where ε𝑡ℎ,𝐶 – the thermal strain developed due to temperature change (under cooling load) in an 
unrestrained GEP; δl𝑡ℎ,𝐶 – the incremental length due to cooling; 𝛼𝐶 – the coefficient of thermal 
contraction/expansion of the pile; and ∆𝑇 – the temperature drop.  
iii. Under pure heating load without end restraint (𝑷𝒕𝒉,𝑯), the pile expands but the expansion 
is restricted by the soil mass surrounding the pile, hence, subjecting the pile in compression 
and leading to compressive strains and stresses development. The shear stresses developed 
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in the top half of the pile is opposite to that mobilised under pure mechanical load. On the 
other hand, the pile lower half possess similar shear stress/strain pattern with that acting under 
pure mechanical load. The shear stress/strain pattern of a pile under pure heating load is 
directly opposite to that of the pile under cooling as shown in Figure 2.8c. It can be similarly 
expressed mathematically as in Equations (2.33) and (2.34). 
 
Figure 2.8 Axial load and shear stress profiles, under Mechanical, Cooling and Heating loads 
(modified after Bourne-Webb et al. (2009) & Amatya et al. (2012)) 
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iv. Under coupled mechanical and cooling load, the applied load pushes down the pile into the 
soil, while the cooling load is contracting the pile simultaneously. The surrounding soil will 
counter and pull the pile to resist these coupled actions and keep the pile in place, thereby 
increasing the mobilised pile surface resistance at the pile top half and decreases at the lower 
half. The axial loads developed within the pile becomes less compressive and may likely turn 
to tensile. The load and strain profiles are shown in Figure 2.9a. 
 
Figure 2.9 Axial load and shear stress profiles under coupled thermo-mechanical loads (modified 
after Bourne-Webb et al. (2009) & Amatya et al. (2012)) 
v. Under coupled mechanical and heating load, the pile will be pushed downward due to the 
imposed mechanical load at the pile head and at the same time being subjected to both radial 
and longitudinal expansion because of the heating load. The surrounding soil keeps the pile 
in place by resisting these dual actions. Therefore, the pile surface resistance developed at 
the top half of the pile decreases while it increases at the pile lower half. The axial load 
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induced within the pile becomes more compressive. The load and shear stress profiles are 
shown in Figure 2.9b. 
The two scenarios (under thermal and mechanical load) can be mathematically expressed by 
considering the restraint effect on the GEP and the mechanical load. The strains measured 
(ε𝑡ℎ,𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑) in a pile bounded by a soil mass and a mechanical load at the head is equal or 
lower than that developed in a free-standing pile (ε𝑡ℎ,𝐶  ≤  ε𝑡ℎ,𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑). The restrained thermal 
axial strain (ε𝑡ℎ,𝑟𝑒𝑠𝑡.) in a pile is defined as: 
ε𝑡ℎ,𝑟𝑒𝑠𝑡. = ε𝑡ℎ,𝐻  − ε𝑡ℎ,𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑  = ε𝑡ℎ,𝐶  −  ε𝑡ℎ,𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑    (2.42) 
The thermal load (P𝑡ℎ) developed due to temperature change (𝛥𝑇) in a restraint pile, without 
mechanical load is given as: 
P𝑡ℎ = −EA ε𝑡ℎ,𝑟𝑒𝑠𝑡. =  −EA (ε𝑡ℎ,𝐶  −  ε𝑡ℎ,𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑)     (2.43) 
P𝑡ℎ = −EA (𝛼𝐶  ∆𝑇 − ε𝑡ℎ,𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑)       (2.44) 
Therefore, the total strain (ε𝑇) and the total thermal load induced (𝑃𝑇) in a GEP under coupled 
thermo-mechanical load application are given as 
ε𝑇 =  ε𝑀 + ε𝑡ℎ,𝑟𝑒𝑠𝑡.         (2.45) 
𝜀𝑇 =
1
𝐿
[𝛿𝑙𝑀 +  𝛿𝑙𝑡ℎ,𝐶 − 𝜀𝑡ℎ,𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 𝐿]     (2.46) 
And, 
𝑃𝑇 = 𝑃𝑀 +  𝑃𝑡ℎ        (2.47) 
𝑃𝑇 = −𝐸𝐴 [
𝛿𝑙𝑀
𝐿
+ 𝛼𝐶  ∆𝑇 −  𝜀𝑡ℎ,𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑]      (2.48) 
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2.5.2 Field scale experiments on the thermo-mechanical behaviour of a GEP heat 
exchanger 
Over the years, numerous field scale GEPs have been installed in various buildings and some as 
test piles. The installed thermo-active elements provide additional insight into the geotechnical 
and energy performance of GEPs under coupled mechanical and thermal loading.  The pioneering 
projects on GEPs were reported by Brandl (2006) on the effect of temperature on GEP bearing 
capacity. Later on, the influence of thermal constraint and cyclic temperature response GEP 
mechanical behaviour were investigated by Laloui and Moreni (1999), Amis et al. (2008) and 
Bourne-Webb et al. (2009) respectively.  
Using the above mentioned studies, Amatya et al. (2012) developed a mechanism  for the 
interaction between the GEP and its surrounding soil under coupled thermo-mechanical load 
action.  
The effect of heating and cooling cycles on the radial thermal strain and shaft capacity were 
reported by Wang et al. (2013 & 2014) and Singh et al. (2015). In addition, You et al. (2016) 
investigated the effect heating modes on Cement Fly-ash Gravel (CFG) piles. Their findings 
discuss the axial stress distribution in the pile and creep rate of GEPs installed in stiff high 
plasticity clays due to associated effect of temperature increase. Furthermore, the influence of 
coupled thermo-mechanical load on the load redistribution, axial strain changes and induced 
vertical displacements in a GEP were reported by Akrouch et al. (2014), Mccartney and Murphy 
(2012) and Santiago et al. (2016) respectively. Their respective key findings are summarised in 
Table 2.5.  
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Table 2.5 Key findings of field studies on the thermo-mechanical behaviour of GEPs 
LOCATION 
(Source(s)) 
 KEY FINDINGS 
Bad 
Schallerbach, 
Austria 
(Brandl, 2006)  
 The heat developed during hydration of fresh concrete pile imposed residual stresses within the pile. 
 Heat extraction (winter mode) result in pile contraction, thus, decreasing the base pressure at the pile toe. 
 Excessive heat extraction could lead to ground freezing which results in heave development around the pile. 
 Thermal strain-induced cracking of the GEP could occur due to shrinkage and during hydration of fresh concrete.   
 Heating/cooling piles as a group induces lower axial thermal stresses at the pile head, compared to heating/cooling a single 
pile in the group. 
 The axial load transmitted to the pile toe remained constant during thermal load application. 
EPFL, 
Lausanne, 
Switzerland 
(Laloui and 
Moreni, 1999; 
Laloui et al., 2006; 
Bourne-Webb et al., 
2009 & Amatya et 
al., 2012) 
 Increase in temperature results in additional friction mobilisation.  
 Thermal variation affects the mechanical behaviour of the GEP in two ways: (i) increase in friction mobilisation due to 
temperature increase; and (ii) addition of thermal compressive stresses in the GEP. 
 The vertical stress developed due to coupled thermo–mechanical load is twice that due to pure mechanical loading. 
 Thermal cyclic loading result in the expansion and contraction of the GEP. Thus causing the development of strains 
which are thermo-elastic in nature. 
 Axial load induced in a GEP under thermal load depends on the end restraint at the pile-head and pile-toe. 
 Axial load induced in a GEP fully restrained at the top and bottom (e.g. Lausanne test-pile), under thermal load, increase 
uniformly over full depth. 
 Stiff silty/clayey soils (i.e. lower part of Lausanne soil profile) exhibit larger mobilisation of shaft resistance per unit 
temperature change in comparison to that mobilised in soft clayey soil (i.e. upper part of Lausanne soil). 
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Lambeth 
college, 
London, UK 
(Amis et al., 2008; 
Bourne-Webb et al., 
2009 & Amatya et 
al., 2012) 
 The extreme cooling phase was unable to lower the wholistic pile temperature below freezing, however, the local 
temperature close to the loops was below freezing. 
 The extreme cooling phase increased the test-pile settlement by about 2 mm. 
 The extreme heating phase resulted in the recovery of the pile-head after it was displaced during the extreme cooling 
phase. 
 About 50% and 80% temperature reduction at the borehole and anchor pile location, i.e. 0.5 m and 2.15 m from the test-
pile, were observed relative to that in the test-pile during the heating and cooling phases. 
 Thermal cyclic loading increases and decreases the shaft resistance mobilised at the pile surface. 
 Axial load developed in a partially restrained GEP (London test-pile) increases non-uniformly with depth. 
 Tensile forces induced due to extreme cooling cycle are unlikely to cause cracking in mass/plain concrete piles. 
 A GEP subjected to a thermal load induces thermal axial stress in the pile that was between about 50% to 100% of the 
theoretical fully restrained values. 
 The type of restraint at the pile head and the toe, i.e. load of super structure and stiff ground or rock, could alter the 
magnitude of the stresses developed within the GEP. 
Monash 
University, 
Melbourne, 
Australia 
(Wang et al., 2013, 
2014 & Singh et al., 
2015) 
 Radial expansion and contraction of the GEP was observed during the heating and cooling phases. 
 Pile shaft shear capacity increases due to heating and regains back to its initial state after cooling. 
 The radial thermal strains are found to be uniform and do not change with depth. 
Shunyi, 
Beijing, China 
 (You et al., 2016) 
 Thermal axial stress distribution along the pile is non-uniform due to partial restraint at the pile head (gravel-cushion) 
and toe (sandy-silt). 
 Cooling cycle induces pronounced pile settlement and a decrease in its bearing capacity. Thus, CFG energy piles should 
be carefully designed for cooling purposes. 
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Texas A&M 
University, 
USA 
(Akrouch et al., 
2014) 
 Increase in soil temperature results in an increase in pile creep rate. 
 Heat extraction in cooling-dominated climates increases the viscous mechanism of clays, resulting in long-term pile 
displacement effect.  
 The displacement of an energy pile is 2.35 times that of a non-energy pile after 50 years of continuous heat injection 
operation. 
 Long-term energy pile displacement can be minimised by limiting the initial settlement. 
Denver, 
Colorado, USA 
(Mccartney and 
Murphy, 2012) 
 During heating and cooling operations, the thermal axial strains observed were within acceptable limits. 
 Total strains measured due to thermo-mechanical loading were well within the range acceptable in the industry. 
 The trends and magnitude of induced axial strains and stresses, in the piles, are unlikely to cause any structural failure. 
Valencia, Spain 
(Santiago et al., 
2016) 
 An uplift heave was observed at the pile head during the heat injection process which nearly returned to its initial state 
after the test has ended.  
 The pile thermal strain and its resistance indicated that the GEP behaved in a thermo–elastic way and is greatly 
influenced by the surrounding soil. 
 Using precast piles as GEPs would not cause any structural problem to the overall pile capacity. 
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2.5.3 Laboratory scale experiments on the thermo-mechanical behaviour of a GEP 
Laboratory experiments offer an economically viable alternative to investigating GEP behaviour 
at a scaled down model. This approach allow for the rescaling of the GEP geometrical dimensions 
and the applied mechanical load. Thermal loading is then superimposed and the associated 
changes monitored. For example, McCartney and Rosenberg (2011) investigated the settlement 
and shear distribution in a pile, while the effect of strain, temperature changes and vertical 
displacements in semi-floating and end bearing piles due to thermal load are reported by Goode 
III J.C. and McCartney (2015). Similarly, the type of applied thermal loading governs the strain 
distribution of a GEP under rigid stratum. This mechanism was investigated by Stewart and 
McCartney (2012) with the GEP subjected to heating and cooling cycles.  
In addition, the effect of heating and cooling cycles of GEPs embedded in clays and that of their 
settlement patterns and capacities in saturated Toyoura sand were reported by Ng et al. (2014 & 
2015). On the other hand, the GEP behaviour subjected to thermal cyclic loading in dry Nanjing 
sand was investigated by Wang et al. (2017). Similarly, Ahmadipur and Basu (2017) showed that 
subjecting a GEP to thermal cycles increases and decreases its shaft and base resistances. Also, 
influence of mechanical load increment and the behaviour of an axially loaded GEP under 
thermal cycles, isothermal conditions and its long term performance were reported by Kalantidou 
et al. (2012) Yavari et al. (2014) & Nguyen et al. (2017) respectively as shown in Table 2.6. 
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Table 2.6 Key findings of laboratory studies on the thermo-mechanical behaviour of GEPs 
LOCATION 
(Source(s)) 
KEY FINDINGS 
University of 
Colorado, 
USA 
(McCartney and 
Rosenberg, 2011; 
Stewart and 
McCartney, 2012 
& Goode and 
McCartney, 
2015) 
 
 Heating an energy pile from 15 to 60°C increases its shear capacity by 40%. However, that temperature range is 
unrepresentative of real life practice. 
 The thermal axial stresses were found to be greater in end-bearing piles in silt than in semi-floating piles in sand, because 
of the greater restraint provided at the pile toe and by the compacted silt.  
 Heating of semi-floating GEPs in compacted silt result in an increase in ultimate shaft capacity of the piles, however, 
heating the pile in the sand is insignificant to the overall capacity. Possibly because of the compaction of the silt soil 
during pile installation.   
 Heating process induces higher compressive strains in the pile, which are greater than that developed due to pure 
mechanical load. 
 The strain developed along the pile length varies and it depends on the magnitude of mobilised side friction. 
HKUST, 
Hong Kong. 
(Ng et al., 2014, 
2015) 
 
 Pile embedded in lightly over-consolidated clay undergoes a more pronounced ratcheting settlement pattern with a 
reduction in severity due to thermal cycles, compared to the pile embedded in heavily over-consolidated clays.  
 A cumulative settlement of 3.8%D (D-diameter) was observed in the pile installed in lightly over-consolidated clay, 
compared to the 2.1%D associated with piles in heavily over-consolidated clays, after five heating and cooling cycles. 
The larger settlement in lightly over-consolidated clay may be due to accelerated creep rate at the pile-clay interface 
caused by the thermal cycles. 
 Both the energy piles (EP1 and EP2), installed in lightly and heavily over-consolidated clay, continued to settle under 
thermal load application at a reduced rate. 
 The ratcheting settlement of piles in clays could be problematic to the serviceability of the energy piles and structure in 
the long run. 
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 The neutral point located below mid-depth moves downward due to increase in temperature. 
 Under pure heating load, there was additional mobilised base resistance due to constrained vertical expansion. 
 Heating EP1 and EP2 continuously for 4 months, without axial load, resulted in pile heave by 0.4%D and 1%D. These are 
32% and 21% lower than the theoretical displacement values calculated. 
 Similarly, heating EP2 continuously for 4 months, under coupled thermal and mechanical load, resulted in initial pile 
displacement of 1.4%D, which later settled to 0.6%D due to 4 months heating. This led to volume contraction due to the 
thermal collapse of larger pores.  
 Subjecting EP1 and EP2 to 37°C and 52°C resulted in 13% and 30% increase in pile capacity compared to the reference 
pile (i.e. EP1 with no thermal load applied). 
 Increase in pile capacity, when a pile is heated to 37°C, was achieved through the increase in mobilised shaft resistance. 
However, when a pile is heated to 52°C, the applied vertical load is resisted by the larger resistance mobilised at the toe.   
Chongqing 
University, 
China 
(Wang et al., 
2017) 
 Under the same heating power, the horizontal earth pressure for the W–shape GEP was 1.18 and 1.24 higher than the 
spiral and U–shape GEP, respectively. 
 The W-shape GEP had higher thermal strain along pile depth, followed by spiral type GEP under the same heating power. 
  Settlement accumulation was observed after each cycle. The W–shape GEP had -0.585 mm (0.56%D) at the end of the 
third cycle, thus indicating that attention should be paid where repeated heating–cooling cycles are involved. 
University of 
Paris-Est, 
France 
(Kalantidou et al., 
2012; Yavari et 
 The pile behaves in a thermo–elastic manner when the load is less than 40% of the pile ultimate resistance.  
 When the applied mechanical load exceeds 40% of the ultimate resistance, permanent settlement develops. 
 More than 70% of the pile load is resisted at the pile toe. 
 The magnitude of the measured soil pressures below the pile toe were significantly influenced by the coupled thermal and 
mechanical load. 
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al., 2014; Nguyen 
et al., 2017)  The mobilised pile surface friction increased during initial mechanical loading and was significantly modified during 
subsequent thermal cycles. 
 The pile behaves in a thermo-elastic way, when the constant axial head load applied is within 30% of the pile–surface 
resistance. However, a significant cumulative permanent settlement could occur with an increased axial force at the pile 
toe, for a higher pile head load exceeding 30%. 
 Thermal cycles induce an irreversible settlement of the pile. 
 The first thermal cycle induces a higher magnitude of pile settlement, which decreases and gradually becomes negligible 
with more subsequent number of thermal cycles.  
 The axial force developed at the end of a heating phase is higher than that at the end of subsequent cooling phase. 
The 
Pennsylvania 
State 
University, 
USA 
(Ahmadipur and 
Basu, 2017) 
 An increase in the GEP temperature results in additional effective stress development at the pile toe.  
 Also, temperature increase leads to an increase in lateral confinement and mobilisation of additional shaft and base 
resistances around the GEP. 
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2.5.4 Numerical studies on the thermo-mechanical behaviour of a GEP  
In addition to the field and laboratory experiments reported, numerical tools offer an alternative 
approach for investigating the geotechnical and energy performance of GEPs under coupled 
thermal and mechanical loadings. Recently, Fadejev et al. (2017) carried out a review on the 
GEP design, sizing and modelling using analytical and numerical tools, categorised based on 
mesh discretisation criteria i.e. finite element method, finite difference method and finite volume 
method, which are commonly used for pile geotechnical and energy performance design.  
In this study, we highlight the findings from some numerical studies and the numerical tools used 
to achieve them which are detailed in Table 2.7. In the table, the first study was reported by Rotta 
Loria et al. (2015) investigating  the effects different magnitude and combination of thermal and 
mechanical loading superimposed on a GEP.  Also, the changes in horizontal stresses and that of 
the influence of non-uniform distribution of thermal strains and stresses were reported by 
Abdelaziz and Ozudogru (2016) & Ng et al. (2016) respectively.  
In addition, the effect of induced cyclic temperature changes on the hardening and softening at 
the GEP-soil was reported by Suryatriyastuti et al. (2014). The phenomenon was found to result 
in either perfect or sliding contact by Suryatriyastuti et al. (2012). This could ultimately lead to 
an adhesion or de-bonding between the GEP and its surrounding soil as reported by Arson et al. 
(2013). Lastly, the response of GEPs in a group under different thermo-mechanical loading 
conditions and their associated effects when used for heat storage reported by Dupray et al. 
(2014) & Di Donna et al. (2016). 
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Table 2.7 Key findings of numerical studies on the thermo-mechanical behaviour of GEPs 
Source Aim(s) GEPs’ 
Properties/ 
Soil type 
Numerical 
tool/model 
KEY FINDINGS 
Rotta Loria 
et al. (2015) 
 The impact of different 
magnitudes & 
combinations of 
mechanical and thermal 
loads. 
3 GEPs. 
DGEP =0.88 m; 
L=19.6 m; 
Saturated 
Toyoura sand 
Lagamine 
FEM 
2D 
Axisymmet
ric 
modelling. 
 Increase in the thermal and mechanical load increases the magnitude of the 
vertical load transmitted through the pile toe. 
 A plastic strain developed at the soil-pile interface at larger magnitudes of 
thermal and mechanical load, thus inducing a large effective horizontal 
stress, which ultimately affects shaft resistance.  
 The null point moves up and down depending on the magnitude of the 
thermo-mechanical load applied, and it corresponds to the stress distribution 
occurring in the surrounding soil. 
Ng et al. 
(2016) 
 
 Behaviour of semi-
floating GEPs on the 
change in horizontal 
stress due to thermal 
cycle. 
DGEP =1.0 - 
1.75m; 
L=20 – 30 m; 
L/DGEP = 20; 
Toyoura sand 
ABAQUS 
FEM 
2D 
Axisymmet
ric model. 
 Repeated pile expansion and contraction impose cyclic shearing at pile-soil 
interface, thus decreasing horizontal stress. This decreased the shaft 
resistance capacity and led to an additional mobilisation of base resistance 
to balance the reduction in shaft capacity. The settlement reaches a stabilised 
state after some repeated cycles.  
 Amplitude of thermal cycles and pile diameter govern the magnitude of 
shearing at the soil-pile interface.  
 The horizontal stress reduction after 50 thermal cycles decreases by up to 
90% and is independent of the pile length for the range of pile length 
considered: 20 m to 35 m. 
Abdelaziz 
and 
 Influence of non–
uniform distribution of 
thermal strains and 
1-GEP COMSOL  They showed that both thermal tensile and compressive stresses and strains 
were found to coexist in a GEP during either heat rejection or injection 
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Ozudogru 
(2016) 
stresses in a GEP 
subjected to transient 
thermal loads. 
DGEP= 0.5 & 
0.55m 
L=10 m; 
Silty clay 
FEM 
3D model 
process. This occurs because of the non–uniform temperature changes that 
exist within the GEP cross section. 
Suryatriyast
uti et al. 
(2014) 
 Effect of cyclic 
temperature change on 
the mechanical 
behaviour of GEPs. 
Square GEP; 
Width, B = 0.6 
m; 
L=15 m; 
Loose sandy 
soil 
FLAC3D 
FDM 
1D & 3D 
models 
 Repetitive heating and cooling cycles cause degradation of shear resistance 
at the pile-soil interface, which decreases the pile shaft capacity for 
restrained and unrestrained piles. 
 A thermal cyclic fatigue effect (strain ratcheting and stress relaxation) were 
observed at the end of the analysis. 
Suryatriyast
uti et al. 
(2012) 
 Effect of temperature 
induced mechanical 
behaviour of GEPs 
under different soil–
pile interface 
conditions: perfect 
contact and sliding 
contact scenarios. 
Square GEP; 
Width, B = 0.6 
m; 
L=15 m; 
Loose sandy 
soil 
FLAC3D 
FDM 
3D model 
 The stresses and displacements obtained at the soil-pile interface for sliding 
contact are lower compared to that developed under perfect contact 
condition. 
 Application of thermal load alters the shaft friction mobilised at the soil-pile 
interface. 
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Arson et al. 
(2013) 
 Impact of pile de-
bonding on the thermal 
and geotechnical 
performance of GEPs 
considering 2 cases: 
perfect contact and de-
bonding (with 1.6 mm 
between pile and soil) 
1-GEP 
DGEP =0.45 m; 
Expansive clay 
– 
FEM 
1-D model 
 The presence of an air film (1.6 mm) at the soil–pile interface acts as an 
insulator between pile and soil, hence, yielding a decrease in heat transfer 
between the pile and the ground, compared to the case of perfect adhesion. 
 De-bonding causes a reduction in efficiency on the geothermal heat pump, 
thereby breaking the energy balance of the system.  
 De-bonding has a mechanical effect on the adhesion between the pile and 
soil, which results in loss of friction at the soil-pile interface. 
Di Donna et 
al. (2016) 
 
 Response of GEPs in a 
group to different 
magnitude of thermo-
mechanical load. 
 Effect of pile head 
restraint. 
4–GEPs: GEP1 
– GEP4. 
DGEP =0.9 m; 
L=28 m; 
Alluvial/sandy-
gravelly/ 
moraine soil 
Lagamine 
FEM 
3D 
 Increase in temperature increases the stresses and displacements induced in 
the pile. 
 Vertical displacement of +1 mm (contraction) was observed when piles were 
mechanically loaded separately, and -1 mm (expansion) when individually 
heated because of thermal strain.  
 Heating one or three GEPs together induces higher compressive stress in the 
order of 7 MPa, compared to heating the four GEPs together (4 MPa). 
Dupray et al. 
(2014) 
 
 Response of group of 
GEPs for seasonal heat 
storage under thermo-
mechanical load. 
4-GEPs 
DGEP =0.8 m; 
L=20 m; 
Clay soil 
Lagamine 
FEM 
2D-
Axisym. 
 Higher temperature (in the range of 40°C) storage does not affect the overall 
efficiency, which decreased at a rate of 1.4% per °C, between the mean 
annual temperature and initial ground temperature.  
  Heating/cooling group of piles together has a positive impact on the 
geotechnical behaviour compared to heating/cooling individual secluded 
piles.  
 The heating phase results in a decrease in horizontal effective stress, while 
the cooling phase leads to an increase in mean effective stress. 
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2.6 Thermal performance of geothermal energy piles 
The thermal performance of a GEP system can be assessed by relating the amount of useful 
energy obtained to the input power used in running the system, measured through one of the 
following methods:  
 Field testing also known as thermal response test (TRT) or thermal performance test (TPT) 
described in section 2.3.6.1.1. 
 Mathematical and numerical methods, and  
 Coefficient of Performance (COP) of the system 
Numerous mathematical approaches and numerical tools are available for estimating the ground 
temperature response of a GEP. One of these common methods is the finite line source model, 
developed by Eskilson (Loveridge and Powrie, 2013b & Loveridge et al., 2015). It assumes that 
the GEP is a line heat source having a finite length. It is suitable for estimating the ground 
temperature change of borehole. However, because of the larger diameter of GEPs, the method 
will underestimate the ground response at smaller timescale (Loveridge and Powrie, 2013a). 
Similarly, another model is the hollow cylindrical heat source model, which is analogous to the 
finite line model but assumes the heat source to be at the pile radius and that heat flow outward 
from the pile surface, because of its hollow geometry. Additionally, a new model (solid cylinder 
model) was developed, which accounts for heat inflow and outflow from the heat exchanger 
(Man et al., 2010). However, the above-mentioned models failed to fully capture the exact 
complex features of the GEP, particularly in a situation where different pipe arrangements and 
at least 2-loops or higher are installed.  
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Numerical tools such as Transient Systems Simulation Program (TRNSYS), Ground Heat 
Exchanger Analysis, Design and Simulation (GHEADS), energy-exergy analysis tool etc. 
developed based on the cylindrical source model theory are used for determining the performance 
of heat exchanger systems (He and Lam, 2006; Gao et al., 2008; Tarnawski et al., 2009 and De 
Moel et al., 2010). Similarly, PILESIM, developed based on the duct storage (DST) model, 
solves the heat transfer equations of boreholes placed uniformly in a cylindrical heat energy 
system. The tool has the capability of calculating the thermal analysis of a large number of piles 
installed and arranged in a regular array (Bourne-Webb et al., 2016).  
The coefficient of performance of a system is mathematically defined as:  
COP = 
Energy output obtained after HCF circulation [kW] 
Energy input to drive the system [kW]
     (2.49) 
A heat pump system should be designed to aim at a COP value of 4 in heating and 6 in cooling, 
for economic reasons i.e. to achieve higher performance at the lowest possible cost. Similarly, 
the COP value was found to range between 3 and 5, for closed loop heat pump systems 
(Tarnawski et al., 2009). For example: if a system has a COP value of 3.5. It means that 1 kW of 
electricity used in operating the system could result into 3.5 kW of heating. In terms of cooling, 
Brandl (2006) reported to have used 1 kWh of electricity as an input and obtained about 50 kWh 
of cooling power, this phenomenon is termed as free cooling. 
Maximising the system performance will result in higher cost savings, consequently lowering 
the overall cost of the GEP system. This can be achieved through optimising the individual 
components and the sub-components of the system. Improving and modifying the heat transfer 
rate of the pile-concrete, heat carrier fluid, the number of installed pipes, flow velocity, pipe 
configurations, heat pump speed etc. could lead to higher performance. Similarly, utilising 
nanofluids as heat carrier fluids circulating in the pipes, and highly thermally conductive fillers 
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in pipe manufacturing and concrete mix, were shown to significantly improve the convective and 
conductive heat transfer process of the liquid, the energy loops and the concrete pile (Faizal et 
al., 2016b).  
Enhancing and improving the thermal properties of the materials that form the GEP could go a 
long way towards achieving a higher COP, and ultimately resulting in the quick recovery of the 
initial installation cost. Brandl (2006) reported that the payback time for the heat exchanger 
system is between 2 – 10 years, depending on the climate, ground conditions and system size. 
Similarly, the system requires less maintenance, hence significantly lower the recovery time of 
the initial investment cost. Additionally, in an effort to make renewable energy source more 
appealing, the United Kingdom government introduced a Renewable Heat Incentive (RHI) 
scheme. This greatly increased their (energy piles) patronage within the UK. In 2017 the RHI 
tariff for a GSHP was 19.86 pence per kilowatt hour (p/kWh), which is about 48.7 % and 67 % 
higher compared to the incentive obtained from the government for Air Source Heat Pump and 
Biomass respectively (RHI, 2018). 
2.6.1 Field scale tests on the thermal performance of a GEP  
The thermal performance of a GEP was found to be influenced by factors including: geometry, 
dimension, thermal and hydrological soil properties (Brandl, 2006). Also, the configuration and 
number of installed loops:1-loop; 2-loops; 3-loops; indirect double-pipe; double-tube; multi-
tube; W-shape configurations, and fluid velocity were reported to offer a positive influence on 
the heat transfer efficiency of the GEP system (Hamada et al., 2007; Gao et al., 2008a & 2008b; 
Jalaluddin et al., 2011 and Singh et al., 2015a & 2015b). In addition, the energy performance 
between 3U-shape and W-shape energy loops, under continuous and intermittent operation, were 
investigated by Park et al. (2013). Similarly, Yoon et al. (2014) compared the energy output of 
a borehole and a GEP, both equipped with W-shape energy loops. Furthermore, You et al. (2016) 
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studied the heat exchanging rate of a cement fly-ash gravel (CFG) energy piles having different 
fluid flow velocities. The influences of continuous and intermittent operation for summer and 
winter mode were also investigated. In addition, Faizal et al. (2016) also investigated the effect 
of continuous (24 hours) and intermittent operations (8 hours and 16 hours). Their respective 
findings are reported in Table 2.8.  
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Table 2.8 Key findings of field scale studies on the thermal performance of GEPs 
LOCATION 
(Source(s)) 
KEY FINDINGS 
Bad 
Schallerbach, 
Austria 
Brandl (2006) 
 Pile diameter, thermal and hydrological properties have a significant impact on the amount of heat that can be obtained. 
 Similarly, concrete composition, such as cement fineness and additives, influence the heat exchange rate of GEPs. 
Monash 
University, 
Australia 
Singh, et al., 
(2015a & 2015b) 
and Faizal et al. 
(2016) 
 Heat propagation in soils occurs in a radial direction. 
 The soil needed about 4 times the heating test time to recover to its initial temperature. 
 Heat exchange rate of the GEP and the surrounding soil is directly related to the difference in inlet and outlet HCF 
temperature and its flowrate.  
 Increase in soil temperature induced by thermal load does not significant influence on the heat exchange rate of the GEP. 
 The energy extracted during 8 and 16 hours was 40.9 and 14.8% higher than the 24 hours heating mode.  
 Thus, the average energy extracted or injected per meter pile length is higher in the intermittent mode than in continuous 
mode. 
Hokkaido, 
Japan 
Hamada et al., 
(2007) 
 The heat rejection rate for the U-shape, double U-shape and indirect double-pipe types were 53.81, 54.76 and 68.71 W/m, 
respectively.  
 The U-shape energy loop (polyvinyl chloride pipe, 34 and 28.8 mm outer and inner diameter) was found to be the best 
option in terms of economic efficiency and workability. 
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Saga-shi, 
Japan 
Jalaluddin et al., 
(2011) 
 The double–tube type has the highest heat exchange rate followed by multi–tube and lastly the U–tube, being the least.  
 The efficiency of the double–tube decreases due to closer spacing between inlet and outlet pipes which is filled with water 
as compared to sand used in the U-tube GEPs. 
 The double–tube configuration had a larger contact surface area of 8.73 m2, hence resulted in higher heat transfer rate, 
compared to 4.15 m2 and 6.28 m2 for the U-tube and multi-tube types, respectively. 
  The double-tube and multi-tube showed an increase in heat transfer rate with increasing flow rate.  
Shanghai, 
China 
Gao et al., (2008a 
& 2008b) 
 The double and triple U–shape pipe configurations possess double and triple flow rate and produced 28% and 56% more 
energy output than the W–shape configuration. 
 The W–shape configuration with reference flow rate of 0.342 m3/h results in 43% higher energy output compared to the 
same configuration at a flow rate of 0.171 m3/h. 
 W-Shape pipe configuration was found to be the most thermally efficient if costs are not considered.  
Suwon, South 
Korea 
Park et al., (2013) 
and Yoon et al., 
(2014) 
 The heat exchanged by the 3U-shape in intermittent mode decreased by 51.7% compared to continuous operation. 
 Similarly, the W-shape in intermittent mode decreased by 46.4% compared to continuous mode. 
 In intermittent operation, the 3U-shape produced a heat exchange rate that is 15% higher compared to the W-shape 
configuration. However, their performance for continuous operation was found to be similar. 
 The thermal conductivities of the GEP and the borehole were 2.32 and 2.15 Wm-1K-1, respectively. 
 A simple analytical equation that could estimate the equivalent ground thermal conductivity was proposed which had a 
variation of 5–10%. 
 The multipole and equivalent diameter analytical methods were found to accurately estimate the thermal resistance of the 
GEP and GHE.  
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Beijing, China 
You et al., (2016) 
 The TPT indicated that circulating water at a velocity of 0.5 m/s presents the best cost-effective solution, in terms of heat 
exchange rate. 
 The heat exchange rate in CFG energy piles is positively proportional to the inlet water temperature, observed during TPT. 
 Average heat exchange rate per meter in intermittent operation is 20% higher compared to continuous operation, and the 
total heat energy exchanged dropped by 14%. 
 The TPTs reached a steady state at around 40 hours, compared to TRTs that stabilises at 72 hours. 
 The heat injection and extraction rate for the group of piles decreases by 5% and 20% compared to single piles, during TPT 
test. 
 Temperature contour distribution indicates that the radial temperature influence for a single pile spreads more than 4 m, 
hence spacing between piles should not be less than 8 m. 
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2.6.2 Laboratory experiments on the thermal performance of a GEP  
The performance of GEPs based on laboratory scale experiments were reported by several 
researchers. These studies provide an insight into the behaviour of the system with a focus on the 
energy that can be exchanged with the ground for heating and/or cooling purposes. Akrouch et 
al. (2015) reported that there are several factors which could influence the energy performance 
of a GEP. These factors include but not limited to soil saturation, void ratio, water content and 
soil types. Also, the type of pipe configuration installed in the GEP could influence the magnitude 
of temperature distribution in the surrounding soil (Wang et al., 2017). Similarly, the HCF 
velocity was reported to have an impact on the energy extraction/injection rate of a GEP by 
Kramer et al. (2014). In addition, Yang et al. (2016) equipped a GEP with a spiral shape energy 
loop and reported the effect of different factors including inlet temperature, intermittent 
operation, pitch and pile material, on the heat rejection rate of a GEP and the distribution of 
temperature in the surrounding soil. The key findings from these studies are reported in Table 
2.9.  
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Table 2.9 Key findings of laboratory experiments on the thermal performance of GEPs 
LOCATION 
Source(s) 
KEY FINDINGS 
Texas A&M 
University, USA. 
Akrouch et al. (2015 
& 2016) 
 Pile thermal performance could increase by up to 40% in sand depending on the degree of saturation.  
 The varying water table in sand decreases thermal exchange efficiency by up to 0.43, when at the pile toe. However, little 
significant difference was observed in sandy-clays. 
Chongqing 
University, 
China 
Wang et al. (2017) 
 W–shape GEP results in the largest temperature variations in the pile and soil, followed by the spiral shape GEP. 
The 
Pennsylvania 
State University, 
USA 
Kramer et al. (2014) 
 Thermal efficiency of a GEP system increases with an increase in HCF velocity, however, it results in higher electrical 
energy usage. Thus, could be detrimental on its seasonal performance. 
 No residual temperature changes remained in the soil where the applied heat injection and extraction rates are equal.  
 Thermal cycles have positive influence on heat transfer efficiency of a GEP. The first cycle (e.g. heat injection) enhances 
the soil thermal potential which results in higher heat exchange rate during the subsequent opposite thermal cycle process 
(heat extraction). 
Yangzhou 
University, 
Jiangsu, China 
Yang et al. (2016) 
 The heat energy rejection rate increases linearly with an increase in inlet fluid temperature. 
 A reduction in pitch size (vertical spacing between two helixes) could lead to an increase in total heat rejection rate per 
unit length of the GEP. 
 The thermal effusivity of a GEP has significant influence on its heat rejection rate and on the soil temperature restoration 
rate.  
Chapter 2 Literature review 
Page | 88 
2.6.3 Numerical studies on thermal performance of a GEP  
Several numerical tools, available commercially and developed in-house by other researchers, 
have been used to analyse and gain further understanding on the energy performance of GEPs. 
Cecinato and Loveridge (2015) used a commercial software, Abaqus, to investigate the key 
factors that contribute significantly to heat transfer in GEPs. Their findings showed that higher 
number of loops is the major factor due to the increased HDPE surface area for heat transfer. In 
this context, other approaches of maximising the surface area has been explored by other 
researchers (Park et al., 2013; Zarrella et al., 2013a & 2013b; Batini et al., 2015 and Mehrizi et 
al., 2016) involving incorporating and comparing different HDPE configurations. Though 
increase in number or configuration with denser pipes is beneficial, however, it should be done 
with caution in smaller diameter rotary bored piles or CFA GEPs (Loveridge and Cecinato, 
2015). Having the loops placed close to each other could lead to thermal short circuiting and 
render the system non-usable a phenomenon reported by (Loveridge and Powrie, 2014a; Sani, 
Martand, et al., 2018; Sani, Singh, Cavarretta, Tsuha, et al., 2018; Sani et al., 2019). Furthermore, 
the response of surrounding soil domain depends on factors such as soil type, degree of 
saturation, heating duration and its magnitude (Kawuwa et al., 2017; Sani and Singh, 2018), 
which are potentially useful for heat storage (Sani et al.,  2018).however, this is hardly the case 
where groundwater flow exist (Gashti et al., 2015). In addition, the long term behaviour of such 
elements, for a duration up to 30 years, has been investigated by Olgun et al. (2017) and that due 
to thermal cycles and the heating-cooling demand associated with varying climatic conditions 
(Olgun et al., 2015). The key findings of these studies are highlighted in Table 2.10. 
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Table 2.10  Key findings of numerical studies on the thermal performance of GEPs 
Source Aim(s) GEPs’ 
Properties/ 
Soil type 
Numerica
l 
tool/mode
l 
KEY FINDINGS 
Cecinato 
and 
Loveridge 
(2015) 
 Effect of different 
factors: Pile diameter 
and length; concrete 
cover; concrete 
thermal conductivity; 
number and diameter 
of HDPEs; HCF flow 
velocity on the thermal 
performance of GEPs.  
DGEP =0.3 m; 
L=26.8 m; 
U-loop 
London Clay 
ABAQUS 
FEM 
3D model 
 The most important factor is maximising pipe contact surface area (i.e. higher 
number of pipes). But, placing pipes close together could lead to pipe-pipe thermal 
interaction. 
 Higher concrete thermal conductivity results in greater heat energy exchange. 
 HCF flow velocity has no much significant impact on overall heat energy exchange, 
provided turbulent flow is maintained. 
Batini et 
al. (2015) 
 Effect of different pipe 
configurations; GEP 
geometrical aspect 
ratio; HCF flow rate 
and the variation of 
antifreeze volume in 
the HCF on the 
thermal performance 
of a GEP. 
DGEP=0.9 m; 
L=28 m; 
1-U, 2-U & W-
shape loops; 
Dbar=40 mm 
Alluvial/sandy-
gravelly/ 
moraine soil 
COMSO
L 
FEM 
3D model 
 Pipe configuration is the most important factor in terms of heat transfer efficiency.  
 W-shape pipe showed 54% higher heat transfer rate compared to the single U-shape 
pipe.  
 The double U-shape is the least advantageous because it has double fluid flow rate. 
Also, it induced greatest concrete cooling, stress and displacement in the pile. 
 Increasing the pile length and diameter linearly increase the amount of exchanged 
heat. 
 Increasing fluid velocity from 0.2 m/s to 1 m/s resulted in increased heat transfer rate 
by 11%, with no increase in vertical stress within the pile. 
 Adding low antifreeze concentration to the fluid does not affect the heat transfer rate 
when compared to pure water. However, adding 25 or 50 % of Mono-Ethylene-
Glycol decrease the heat exchange rate by 6 and 11% respectively. 
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 The heat transfer rate decreased by 30% for single U-shape compared to the first day 
of operation, while up to 45% for double U and W-shape pipes. 
Mehrizi et 
al. (2016) 
 Comparison of heat 
transfer between 3 
HDPE configurations. 
 Impact of connecting 
15 GEPs in series and 
in parallel. 
 1-U-shape 
 1-W-shape 
 W-shape all 
round or 6-U-
shape 
DGEP=0.6 m 
L= 20, 25 & 30 m 
Sandy silt 
Gambit/ 
FLUENT 
FEM 
3D model 
 
 W–Shape all round or 6–U–shape pipe configuration result in higher heat exchange 
efficiency by 20.63% and 35.5% compared to 1–W–shape and 1–U–Shape pipes.  
 Inlet water temperature decreased by 4% and 4.27% when 10 and 15 piles were 
connected in parallel. Thus, connecting more than 10 piles in parallel is not 
economically wise. 
 Connecting 6 piles in series greatly increased the amount of heat transfer by 4.54 %. 
A moderate increase of 0.67% when 7–11 piles were connected. However, 
connecting 12–15 piles resulted in 0.13%. Thus, it is ineffective connecting more 
than 11 piles. 
 There is 65% and 73% increase in heat energy output for piles connected in parallel 
and series, compared to a single pile. 
Zarrella et 
al. (2013) 
 Comparing the 
performance of a 
helical–tube and 
double-U-tube GEPs 
with balanced and un-
balanced thermal load. 
 Effect of axial heat 
transfer 
 Helical-tube 
DGEP=0.5 m 
L=12 m 
Dhelix=0.38 m 
Pitch height=0.1 m 
 Double-U-tube 
parallel connection 
DGEP=0.14 m 
L=60 m 
CaRM/Ge
oHP-
Calc/ 
COMSOL 
FEM 
3D model 
 The helical–tube GEP require about 50% shorter length than that of the double-U-
tube. 
 The effect of axial heat transfer on the double-U-tube heat exchanger, and a helical-
tube with a balanced heating-cooling load, is negligible. 
 In a helical-tube with an unbalanced thermal load demand, the axial heat transfer 
effect results in about 10% lower annual electrical energy consumption.  
 The seasonal COP values of 3.7 (cooling) and 5.3 (heating) were obtained when the 
axial heat transfer is neglected against 4.3 (cooling) and 5.6 (heating) when the axial 
heat transfer effect is accounted for. 
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Zarrella et 
al. (2013) 
 
 Comparing the 
performance of a 
helical–tube, double-
U-tube and 3-U-tube 
GEPs. 
 Effect of pitch height 
in a helical pile: 75, 
150 and 300 mm. 
 Helical-tube 
DGEP=0.5 m 
L=12 m 
Dhelix=0.36 m 
Pitch height=0.15 m 
 Double-U-tube 
parallel connection 
DGEP=0.14 m 
L=60 m 
 3-U-tube 
parallel connection 
DGEP=0.5 m 
L=12 m 
CaRM 
FEM 
3D model 
 The helical tube produced a 23% and 40% higher thermal performance compared to 
the 3U-tube and double-U pipe configurations at peak load, respectively.  
 Decreasing the pitch from 150 mm to 75 mm produced a 14% increase in peak load. 
However, the peak load decreases by 14% after increasing the pitch spacing from 
150 mm to 300 mm. 
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Park et al. 
(2013) 
Comparing the 
performance of W-tube 
and 3-U-tube GEPs 
with respect to heat 
exchange rate and 
ground temperature 
increase. 
 W-tube 
parallel connection 
DGEP=0.4 m 
L=13.25 m 
 3-U-tube 
parallel connection 
DGEP=0.4 m 
L=13.75 m 
Weathered granite 
soil deposit. 
ABAQUS 
FEM 
3D model 
 The W-tube and 3-U-tube resulted in heat exchange rate of 87 W/m and 42 W/m 
respectively, after 3 months cooling. 
 Thermal resistance decreases with denser HDPE pipes i.e. 0.131 mK/W and 0.098 
mK/W for W-tube and 3-U-tube respectively. 
 An increase in HCF velocity resulted in increase in the amount of exchanged heat. 
 The average exchanged heat increases linearly with higher temperature difference 
between the HCF and the ground. 
Loveridge 
and 
Cecinato 
(2015) 
 Comparison of the 
energy performance of 
CFA piles and that of 
rotary bored piles. 
 CFA GEP 
 Rotary bored GEP 
DGEP=0.9 m; 
L=25 m; 
2-U-loops; 
Dbar=40 mm 
London Clay 
ABAQUS 
FEM 
3D model 
 Rotary bored piles are more efficient than CFA piles when equipped with the same 
number of pipes, because of the pipes situated near the pile periphery.  
 Rotary bored piles offer more room for installing a higher number of pipes in the pile 
cross-section, which maximises its efficiency. 
 A CFA can be fitted with 4 HDPE pipes than the conventional two pipes commonly 
used. But, a turbulent fluid flow regime should be maintained in the pipes. 
 The current norm of installing CFA piles with steel bar for rigidity has no detrimental 
effect on thermal performance. However, using spacers to avoid bunching of the 
pipes would improve the system performance. 
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Loveridge 
and 
Powrie 
(2014) 
Investigate the heat 
transfer in a GEP 
 CFA GEP 
 Rotary bored GEP 
DGEP=0.6 m 
COMSOL 
FEM 
2D-planar 
 Installing HDPEs at the centre in a CFA pile results in lower magnitude of 
temperature distribution at the pile circumference. Thus, leading to reduced influence 
associated with pile movement in geotechnical design. 
 CFA GEPs with loops at the centre possess larger thermal resistance than rotary 
bored piles. 
Sani et al. 
(2018a & 
2018b) 
and Sani 
et al. 
(2019) 
The studies 
investigated the 
following: 
 Heat flow mechanism 
in a GEP. 
 Performance of a CFA 
pile. 
 Heat flow 
characteristics in a 
CFA pile. 
 CFA GEP 
 Rotary bored GEP 
DGEP=0.6 m 
London clay 
COMPAS
S 
FEM 
2D-planar 
 Installing central steel in a CFA GEP contribute to higher heat transfer between the 
inlet and outlet pipes. 
 Utilising plastic bar of adequate strength provides an economical and energy efficient 
solution to installing loops in CFA GEP. 
 Increasing the shank spacing between inlet and outlet pipes increases the GEP 
efficiency. 
 Heat transfer between the inlet and outlet loops become significant after a steady 
state is achieved i.e. 3-5 days. 
 Increasing the number of installed HDPE loops lead to a higher magnitude of heat 
transfer between the pipes in a GEP. 
 The circumferential temperature distribution varies with increasing number of 
installed loops. 
 The normalised thermally active region for a GEP, fitted with 1-4 loops, spans out 
radially to about 7 m. 
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Kawuwa 
et al. 
(2017) 
Response of the soil 
surrounding a GEP to 
heating load. 
DGEP=0.6 m 
L=30 m 
London clay 
COMPAS
S 
FEM 
2D-
Axisymme
tric 
 The duration of the heat injection/extraction has direct influence on the time to 
achieve natural recovery.  
 The soil require about 4 times the heating time to naturally recover towards its initial 
state.  
Sani et al. 
(2018) 
The study investigated 
the use of GEPs for 
heat storage in 
unsaturated soil 
domain.  
DGEP=0.6 m 
L=30 m 
Unsaturated 
swelling clay 
COMPAS
S 
FEM 
2D-
Axisymme
tric 
 
 The heat injection process results in drying up of soil next to the GEP, thus resulting 
in soil with lower saturation. 
 Soil with lower saturation result in lower thermal conductivity. However, with an 
advantage of having a higher volumetric heat storage capability.   
Sani and 
Singh 
(2018) 
Response of 
unsaturated soils to 
heating load. 
DGEP=0.6 m 
L=30 m 
Unsaturated clay, 
silt & sand 
 
COMPAS
S 
FEM 
2D 
Axisymm
etric 
 The magnitude of temperature observed in the soil decreases with increase in soil 
saturation. 
 Temperature changes in the soil decreases significantly in the first 10 days following 
the heating test.  
 The magnitude of temperature build-up decreases with increase in soil grain size due 
to higher hydraulic and thermal conductivity.  
 The thermally active region in the domain increases with soil grain size. 
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Olgun et 
al. (2017) 
Investigated the long–
term performance of 
GEPs under different 
myriads of climatic 
conditions 
DGEP=0.6 m 
 
COMSOL 
FEM 
2D-planar 
 The estimated heating–cooling amplitudes are linearly proportional to the resulting 
GEP temperature in a long–term thermal operation process i.e. 30 years. 
 The heat exchange efficiency of the GEP system is expected to decrease after a long–
term usage. 
Olgun et 
al. (2015) 
Investigated the effect 
of long–term thermal 
cycles on the 
temperature 
distribution within and 
around the GEP 
DGEP=0.6 m 
 
COMSOL 
FEM 
2D-planar 
 The nature and distribution of temperature around a GEP and its surrounding soil is 
dependent on the seasonal energy demand. 
 In a balanced system (e.g. Charlotte, North Carolina), the region influenced by 
temperature changes within the soil mass surrounding the GEP is minimal, hence, 
resulting in high efficiency over long-term. 
 In an unbalanced climatic conditions (e.g. Chicago, Illinois and Austin, Texas), the 
system loses its efficiency over time especially in larger pile grids. 
Gashti et 
al. (2015) 
Investigated the effects 
of groundwater flow on 
the GEP performance. 
DGEP=0.6 m 
L=20 m 
 
 
COMSOL 
FEM 
3D 
 They discouraged the use of other secondary methods to forcefully recharge the soil 
in situations where groundwater flow exists. 
 In winter operating mode, the amount of heat extracted increases by up to 20%. 
 In summer operation, the GEP performance increases by 5% owing to groundwater 
flow effect. 
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2.7 Conclusions 
The chapter reviewed the different factors that could positively or negatively impact on the 
performance of the GEP system. Factors including ground (soil) heat flow mechanisms, the 
mechanisms of heat transfer through the GEP unit, soil hydraulic and thermal properties, 
groundwater flow, ground initial temperature etc. were shown to significantly improve the 
performance of the system when they are carefully considered during the design process. 
Furthermore, the design and installation of the system by describing the available design 
standards, the design steps and possible issues that could be encountered during installation and 
how to avoid them were described. 
Furthermore, most of the reviewed studies were shown to be limited to the situation where the 
GEP is installed in a dry or saturated soil. However, this is generally a simplistic case which is 
often not representative of the real condition of the primary unit of the GEP system. Thus, based 
on this findings, the research aim and questions were formulated to investigate the thermo-
hydraulic performance of GEP in unsaturated soil; by considering factors including type of 
thermal load application, increase in the degree of saturation, increase in heat injection and 
extraction rates, soil type etc.   
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Chapter 3 
Laboratory experiment design, set-up and methodology 
3.1 Introduction 
This chapter describes the experimental design and methodology to facilitate the laboratory scale 
investigation of the thermo-hydraulic behaviour of an energy pile embedded in sandy soil with 
different saturation conditions. It provide the details of sensors and instruments used for various 
measurements and their calibration method. 
Section 3.2 discusses the types of tests required to be carried out for the present study. Section 
3.3 presents the main rationale that led to the choice and the development of the new laboratory 
experiment to investigate the thermo-hydraulic behaviour of an energy pile in unsaturated sand. 
Section 3.4 provides a detailed description of the various accessories and apparatus used and the 
reasons for their selection.  
Section 3.5 presents the new laboratory test setup process. Section 3.6 describes the various 
sensors used for temperature and relative humidity measurements. Section 3.7 discusses the 
mode of data acquisition used for temperature and relative humidity measurements. Section 3.8 
describes the methods used to test and verify the integrity of the different sensors used in Section 
3.6.  
Section 3.9 describes the other preliminary tests carried out for characterising the different 
materials. Section 3.10 discusses hydraulic properties of Leighton Buzzard sand, describing its 
saturated and unsaturated hydraulic conductivity. In addition, the thermal properties such as 
specific heat capacity and thermal conductivity are described in Section 3.11. Finally, Section 
3.12 draws the conclusion from the different sections in this chapter.  
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3.2 Experimental testing programme 
This section provides a detailed programme for the laboratory experiment developed to 
investigate the thermal performance of a geothermal energy pile installed in unsaturated sandy 
soil. Specifically, the study examines the coupled heat and moisture movement in the soil as a 
result of the temperature gradient. The tests were carried out under different degree of saturation 
conditions. 
3.2.1 Continuous cyclic heating and cooling test 
Two types of thermal tests were performed i.e. continuous heating and cooling tests. The test 
applied a transient continuous heating and cooling load on a concrete pile cross-section installed 
in sandy soil shown in Table 3.1. The heating test was carried out by circulating water through 
PVC (Polyvinyl chloride) pipes fitted into the concrete pile. The PVC pipes represent the inlet 
and outlet leg of a conventional full-scale energy pile. The temperature of the circulating water 
was maintained at 35 and 30°C, in two water tanks (tank A and B), using an aquarium heater that 
was connected to an automated temperature controller. The heating test was carried out for 6 
days in order to allow steady state condition to be established.  
The water circulation pumps were switched off for two days after six days of the heating test. 
The soil behaviour during and after the heating test was observed prior to the start of the cooling 
test. 
During the cooling test, cold water was circulated through the PVC pipes embedded in the 
concrete pile. The temperature of the water in the PVC pipes denoting the inlet and outlet were 
maintained at 15 and 19°C respectively. The water tanks were connected to water chiller to cool 
down and keep the water at the required temperature. The test was carried for 6 days with the 
chilled water being circulated through the energy pile.  
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The water circulation pumps were switched off for two days following the cooling test phase in 
order to allow the soil temperature to recover back to its initial state.  
Table 3.1 Sequence and details of the laboratory experiment on Leighton Buzzard sand  
 
 
Test 
No. 
Thermal test duration (days)  
Soil saturation 
condition 
Heating test 
(35°C & 30°C) 
Cooling test 
(15°C & 19°C) 
 
Total 
duration Heating 
phase 
Recovery 
phase 
Cooling 
phase 
Recovery 
phase 
1 6 2 7 2 17 Fully dry 
2 7 2 7 2 18 Unsaturated 
3 6 2 6 2 16 Unsaturated 
4 30 – – – 30 Saturated to 
Unsaturated 
The sequence and details of the cyclic heating and cooling tests are presented in Table 3.1. The 
complete experimental set-up and the sequence of the thermal loads applied are shown in Figure 
3.1 and Figure 3.2 respectively. 
Instrumentations in terms of temperature and humidity sensors were installed at the pile surface 
(0 mm, points A and D), pile diameter (150 mm, F) and far field boundary of the domain (600 
mm, points G and H). In addition, a temperature sensor was also installed at the centre of the 
pile, point C. Similarly, the temperature of the room was recorded throughout the duration of the 
experiments, point E. 
The changes in temperature within the pile, and temperature and moisture in the surrounding soil 
at different saturation conditions were observed. 
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Figure 3.1 1Schematics of the laboratory experimental setup 
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Figure 3.2 Thermal load sequence for the short and long term tests 
3.3 The necessity for developing the new laboratory experiment 
In order to carry out the tests described in section 3.2, a new test setup had to be developed. The 
setup comprised a laboratory scale model energy pile embedded in Leighton Buzzard sand. The 
main reason for the test setup was to supplement for the lack of availability of data on the 
performance of energy piles in unsaturated conditions. Thus the laboratory experiment aims to 
provide experimental data on the phenomenon of heat and moisture flow in unsaturated soil due 
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to the heating and cooling of a geothermal energy pile. The test uses sensors to capture and log 
the measured data in the following form: 
i. Transient temperature data 
ii. Transient relative humidity 
3.4 New test set-up 
Figure 3.3 presents the new test setup comprises an energy pile installed in sandy soil enclosed 
inside a container. The container was made of wood with a dimension of 1200 mm x 1200 mm 
x 250 mm (L x B x H), and within the container, four pieces of plywood were used to create a 
cylindrical section with a diameter of 1200 mm and a height of 250 mm respectively. The whole 
set-up was mounted on a wooden base with a dimension of 1200 mm x 1200 mm x 100 mm (L 
x B x H) to serve as a support for the wooden square container and cylindrical section containing 
the soil.  
The internal part of the cylinder was insulated using a 3 mm thick black closed cell foam adhesive 
to provide a waterproof and thermal insulation layer. The closed cell foam adhesive had a density 
of about 30 kg/m3 and an operational temperature range of about -40°C to +90°C as reported by 
the manufacturer (Efoam, 2018). In addition, a polyethylene sheet of 2 mm thickness was further 
placed on top of the closed cell foam layer to provide additional heat insulation and waterproof 
lining.  
In addition, the energy pile was placed on a hollow wooden stand, with a dimension of 50 mm x 
50 mm x 50 mm (L x B x H), located at the centre of the wooden cylinder section. Perforations 
were made to the side walls of the hollow stand to easily allow the hollow space to be filled with 
sand. The reasoning for placing the energy pile on another support is to minimise thermal 
interference and reduce boundary effects on the energy pile.   
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Figure 3.3 Energy pile, relative humidity and temperature sensors installed in the wooden 
cylinder containing Leighton Buzzard sand. 
Clear flexible water hose with an internal and an external diameter of 10 mm and 13 mm was 
used in this study to circulate water through the energy pile. The hose was cut into an appropriate 
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length and used to connect two of the four PVC pipes at the top of the energy pile using a Y-
fitting pipe connector (shown in Figure 3.4). Similarly, the same connection was installed at the 
bottom of the energy pile. The Y connector at the pile top was connected to the outlet of tank A 
placed at a height of about 1 m to aid in water circulation due to the difference in elevation 
between the tank and the energy pile. The Y connector at the bottom was connected to the water 
pump to allow pumping of the circulated water back into the tank. The aquarium heater with 50 
W heating power was installed in the tank (tank A) and set to 35°C. Also, the temperature 
controller allows the passage of current from the power mains to the heater, and otherwise, to 
maintain the water temperature at the desired range i.e. 35°C during heating operations.  
The remaining two of the four PVC pipes were also connected with two Y pipe connectors, at 
the top and bottom of the energy pile. However, in this case, the hose connection was made with 
the second tank (tank B) to allow the circulation and return of water at 30°C from and back to 
the tank. Furthermore, the 25 W aquarium heater was attached to a temperature controller to 
monitor and maintain the water temperature at 30°C during the heating tests. 
Furthermore, in order to account for the cooling phase of the tests. Two water chillers were 
connected to the water tanks. The connection used a water hose of 8.0 mm internal diameter to 
pump and circulate water from the tanks through the chiller and back to the tanks. The chiller 
connected to tank A was set at a temperature of about 19°C. On the other hand, the second chiller 
connected to tank B was set to a temperature of around 16°C. However, during the test, the 
temperature was observed to vary by about ±1.0°C in the tanks A and B.  
After the various connections between the water tanks, energy pile, chillers and the water pumps 
were established. A trial test was carried out to check the integrity of the connections against any 
leakage that may occur during the tests. The trial test was carried out by circulating water from 
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the tanks through the energy pile and back to the tanks prior to placing sand in the wooden 
cylindrical container. 
 
 
Figure 3.4 Energy pile cross section 
Subsequent to the integrity checks, Leighton Buzzard sand was poured into the cylindrical 
container and compacted using a custom made metal rammer of about 3 kg mass. The sand was 
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compacted in layers of about 70 mm height by raising and dropping the rammer from about 300 
mm height. The soil saturation was varied depending on the type of test being carried out prior 
to the soil compaction process. Sensors to monitor the changes in temperature and relative 
humidity were installed at the pile surface (0 mm), pile diameter (120 mm) and far field boundary 
of the soil domain (600 mm) prior to the soil compaction process. 
Wooden plywood of 1200 mm x 1200 mm x 10 mm (L x B x H) was used as the top cover for 
the setup. The plywood was wrapped using a polyethylene sheet of 2 mm thick to prevent heat 
loss or gain due to interference as a result of the room air temperature.  
3.5 Components required for the tests 
This section describes the different components and materials used in setting up the laboratory 
experiment. These components include energy pile cross-section, aquarium heaters, temperature 
controllers, water tank, water circulation pumps, and water chiller. 
3.5.1 Energy pile cross-section  
Figure 3.4 shows the diagram of the energy pile with the polyvinyl chloride (PVC) pipes installed 
in the concrete. The energy pile comprises a pile made of concrete with a height and diameter of 
120 and 150 mm respectively. Within the concrete pile, plastic pipes with an inner and an outer 
diameter of 9.5 and 17.1 mm were installed during the concrete casting process. The plastic pipes 
were made from PVC plastic with a wall thickness of 3.8 mm. A concrete cover of 12.5 mm was 
maintained between the energy pile surface and the outer surface of the PVC pipes. The planar 
geometrical dimension of the energy pile cross-section was scaled down to one-quarter (1/4) 
dimension of a conventional full-scale energy pile of 600 mm diameter incorporated with 2 U–
loops. 
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3.5.2 Aquarium heaters  
Figure 3.5 shows the two submersible aquarium heaters made by Xilong Private Limited were 
used to apply and maintain a uniform temperature within the water tank. The heaters were 
characterised with a diameter of 22 mm and a length of 185 and 210 mm respectively. The heaters 
have a heating power of 25 W and 50 W and are suitable for maintaining a uniform temperature 
in a water tank of up to 40 and 60 litres respectively. The heaters are fitted with a thermostat to 
automatically regulate and maintain the set temperature which can be adjusted using the control 
knob at the top of the heaters. The heaters are characterised with an accuracy of ±1.0°C.   
 
Figure 3.5 25 W and 50 W aquarium heaters 
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3.5.3 Water tanks  
Figure 3.6 shows two units of the plastic containers used as water tanks, with a diameter and a 
height of 292 and 224 mm respectively. Each tank has a water storage capacity of 10 litres. An 
opening was made near the bottom section of the tanks and was connected with a Tefen Nylon 
elbow pipe fitting connector. The threaded part of the elbow connector, having a 21 mm diameter, 
was screwed into the tank to ensure a watertight connection. Furthermore, a plastic nut was 
attached to the elbow connector from the inside of the tank to provide additional support and 
ensure water tightness. The other end of the elbow connector, with a diameter of 10 mm, was 
connected to a hosepipe which delivers water to the energy pile.  
     
Figure 3.6 Constant temperature water tank  
The return hose was connected to the top section of the tank (the lid) and delivers water from the 
water pump which is connected to the PVC pipes protruding at the bottom part of the energy pile. 
An adequate spacing was maintained between the return pipe and the water surface in the tanks 
to allow and ensure the returned water and that in the tank to be thoroughly mixed. 
In order to maintain uniform water temperature, the tanks were insulated using two materials. 
Firstly, an aluminium foil paper sheet was wrapped around the tank. In addition, a polyethylene 
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waterproof insulating foam sheet, with a thickness of 3 mm, was also wrapped around the tank 
to provide additional insulation to the tanks.  
3.5.4 Water circulation pumps  
Figure 3.7 illustrates one of the water pumps used to facilitate the circulation of water from the 
tanks, through the energy pile, and back into the tanks. The pumps were manufactured by Anself 
with each having a rated voltage of 12 volts DC and power consumption of 4.8 W.  The water 
intake and exit openings are characterised with an outer and an inner diameter of 8.6 mm and 5.4 
mm respectively. The pump had a static fluid flow rate of 240 L/hr and capable of pumping water 
up to a height of 3 m. The pumps are designed to operate as submersible or non-submersible 
pumps.  
 
Figure 3.7  Water circulation pumps 
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3.5.5 Water chiller  
In order to facilitate the cooling phase of the experiment, water chillers shown in Figure 3.8 were 
used to lower the water temperature in the tanks A and B. Water chillers are mechanical devices 
that lower water temperature via the transfer of heat between water and the atmosphere. It works 
by circulating water at room temperature through the evaporator unit of the chiller and the water 
returns with a lower temperature. The heat lost by the water is transferred to the refrigerant within 
a closed system. The increased temperature refrigerant is then pumped to the condenser where it 
exchanges heat with the atmosphere. It is similar to the conventional heat pump system installed 
in GSHP schemes but working in reverse order. 
 
Figure 3.8 Water chillers 
In this study, two water chillers with each dedicated to a water tank were used. The chillers are 
characterised with a power rating of 70 W connected via a 12 volts DC power adaptor. The 
chillers have the capacity of cooling a volume of water between 20–35 L. The water pump was 
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used to circulate water from the tank to the chiller and return it back to the water tank. The chiller 
is attached with a temperature probe which is placed in the water tank to monitor and maintain 
the desired temperature within the water tank. The detailed specifications of the chillers are given 
in Table 3.2. 
Table 3.2 Water chiller properties 
Material Aluminium alloy 
Size (L x B x H) 114 x 106 x 192 mm 
Power 70 W 
Voltage 12 V 
Recirculating water volume 1–3 L/min 
Cooling capacity 0–30 L 
Connecting pipe diameter 8.0 mm 
3.5.6 Temperature controllers 
Figure 3.9 shows one of the temperature controllers used to ensure that the desired temperature 
is maintained in the water tanks. Each of the two aquarium heaters and chillers were attached to 
a dedicated automated digital temperature controller. The temperature controllers are fitted with 
a temperature probe with an operating temperature range of -9°C to +38°C. The temperature 
probe and the controller are connected by a wire having a length of 2450 mm. The temperature 
controllers can be used for cooling and heating purposes. In heating or cooling mode, the 
temperature controllers cut power supply to the attached heaters or chillers once the desired 
temperature is achieved. 
3.6 Sensors 
This section gives a detailed description of the various sensors used in this study for data 
monitoring and acquisition. Firstly, the section describes the temperature sensors that were 
utilised to monitor heat flow in the soil and the room ambient temperature throughout the duration 
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of the test. Secondly, the relative humidity sensors were used to record the relative humidity of 
the soil and were subsequently used to calculate the soil suction and how it changes during the 
cyclic heating and cooling of the energy pile. 
 
Figure 3.9 Temperature controllers 
3.6.1 Temperature/heat flow measurement 
Figure 3.10 shows a sample of the temperature sensors used in this study. The sensor used was 
supplied by AT Electronics UK and developed based on the DS18B20 chip to measure the 
transient temperature variation in the soil domain, centre of the energy pile and the room air 
temperature. The DS18B20 chip is a waterproof probe connected to a long polyvinyl chloride 
(PVC) insulated wire of about 1 m length. The chip is enclosed in a stainless steel casing of 6 
mm in diameter and 35 mm long. A waterproof rubber seal allows the connection and transition 
between the steel tube and the lead. The steel tube and the seal resulted in a probe having a total 
length of 50 mm. The probe provides 9 to 12-bit (configurable) temperature readings connected 
to a microcontroller via three wires: Black (ground); Red (power supply); and Yellow 
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(temperature output signal). The probe has an operating range of -55°C to +125°C and an 
accuracy of about ±0.5°C when operated between -10°C to +85°C. 
 
Figure 3.10 DS18B20 Waterproof digital temperature sensor 
3.6.2 Relative humidity measurement 
Relative humidity is the ratio of the actual amount of water vapour present in the air to the 
saturated amount that the air can hold or the ratio of actual air vapour pressure to the saturated 
vapour pressure. It is represented in percentage terms and could be related to capillary potential 
via the use of an equation proposed by Edlefsen et al. (1943) given as:  
ℎ = 𝑒𝑥𝑝 (
Ѱ𝑔
𝑅𝑣𝑇
)         (3.1)  
where h is the relative humidity, Ѱ is the capillary potential, g is the gravitational constant, Rv is 
the specific gas constant and T is the temperature in K. 
Figure 3.11 shows one of the SHT20 I2C temperature and humidity probes used to measure the 
soil relative humidity and temperature throughout the tests. The probes were manufactured and 
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supplied by DFRobot. The relative humidity probe is a capacitive humidity and bandgap 
temperature sensor of SHT20 type with an I2C communication interface. The sensor contains an 
amplifier, an analogue-digital converter, OTP (one time programmable) memory and a digital 
processing unit and is more stable and reliable compared to the previous series of SHT1x and 
SHT7x series. The sensor is enclosed in a special breathable PE (polyethylene) waterproof 
material which allows water vapour to move in while blocking liquid water droplets through it. 
The sensor could be connected directly to a microcontroller such as Arduino board (shown in 
Figure 3.13) via the attached 4 wires: red (power supply); green (ground); black (data line); and 
white (clock line). The probe has a dimension of 17 mm in diameter and 73 mm in length with 
humidity and temperature measuring range of 0 to 100% (relative humidity) and -40 to 125°C 
respectively. The probes were reported to have an accuracy of ±3% for the relative humidity 
measurement by the manufactures.  
 
Figure 3. 11 SHT20 I2C temperature and humidity probe 
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3.6.3 Soil water retention curve (SWRC) measurement 
Figure 3.12 shows the Whatman No. 42 filter paper used to establish the soil water retention 
curve for the sand. The filter papers were manufactured by W&R Balston Ltd. and designed for 
gravimetric measurement of soil moisture content which can be related to the soil suction via the 
use of established empirical equations. They were made from high quality cellulose cotton with 
a maximum ash content of 0.007% (Aldrich-Sigma, 2017), thereby allowing the retention of 
vapour particles for total and matric suction measurements due to their high purity. They have 
been used by other researchers for the measurement of matric suction across the entire range 
which is also refers to as contact filter paper method (Houston et al., 2009). Alternatively, they 
are suitable for mearing suction in the range of 1000 kPa to 500,000 kPa using the noncontact 
method or the total suction (Fawcett and Collis-George, 1967; Leong et al., 2002; Likos and Lu, 
2003; Houston et al., 2009). 
 
Figure 3.12 Whatman No. 42 filter paper  
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3.7 Data acquisition 
Data acquisition is described as the process of measuring real world physical conditions and 
converting them to numerical quantities that can be understood and manipulated by a computer. 
In this section, the approaches used in capturing and recording data during the tests are described. 
The tests are expected to provide a large amount of data in the form of temperature and relative 
humidity readings because of the duration of each of the test and the number of tests to be carried 
out. Thus, in order to safely capture the incoming data from the sensors, stand-alone dedicated 
acquisition systems known as data loggers were adopted and used. The chosen data loggers 
comprise hardware units which are connected to a computer system and exchanges information 
with it via the use of an open-source software package. They work by receiving analog signals 
from the temperature and relative humidity sensors which are subsequently converted into digital 
values. The data logging systems used for the temperature and relative humidity are further 
described below. 
3.7.1 Temperature data acquisition system 
The temperature data acquisition system comprises an 8 channel hardware unit shown in Figure 
3.13 that supports up to 8 temperature sensors. The temperature data logger is capable of sending 
and receiving signals between sensors, developed based on DS18B20 chip, that were used in this 
study. The data logger communicates with a computer via two ways. Firstly, through using a 
Bluetooth module attached to the data logger, and secondly through the use of a universal 
asynchronous receiver-transmitter (UART) to universal serial bus (USB) cable. This study 
utilises the UART-USB cable to capture and automatically store data from the data logger on to 
the computer with the help of an open-source software known as Realterm. Information is 
transferred between the computer and the data logger at a baud rate of 9600. In other words, the 
serial port is capable of transmitting up to a maximum of 9600 bits per second. The data logging 
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interval can be set to any value between 1 second and 7200 seconds. A logging time interval of 
5 minutes was chosen through the experiment. This was deemed justified in order to capture the 
transient heat flow gradient at the early stages of the tests.  
 
 
Figure 3. 13  Temperature data acquisition system 
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3.7.2 Relative humidity data acquisition system 
The relative humidity data logging system comprises an Arduino Uno R3 hardware circuit board 
unit often referred to as microcontroller which was manufactured by DFRobots based on the 
ATmega328 chip. The board has a direct current (DC) barrel jack to power up the board. 
Alternatively, the power could be supplied via the USB 2.0 A-male to USB 2.0 B-male cable. 
The board is equipped with 6 analog input pins and 14 digital input/out pins to allow signal 
transmission between the sensors and the board.  The Arduino Uno board is shown in Figure 
3.14. 
In this study, each of the 3 relative humidity sensors was connected to a dedicated Arduino board 
and communicates with the computer via the use of an open-source software installed on the 
system. The open-source software, known as Arduino version 1.8.5, is an integrated development 
environment (IDE) which permits the user to write and upload computer code on to the board 
unit. The full details of the written code used are shown in Appendix 1.  
The time interval for data logging was specified in the code and a time interval of 15 minutes 
was used to capture the relative humidity data. This was considered adequate as the magnitude 
of temperature the energy pile was being subjected to ranges between 16–35°C. 
3.8 Testing of the sensors integrity calibration 
This section describes the type of tests carried out to check for the integrity of the temperature 
and the relative humidity sensors. Indeed, it is a good practice to check the integrity of new 
instruments, such as sensors, upon their purchase. This will provide an actual result of the 
instrument’s behaviour. The result can be compared with that of the manufacturer’s datasheet to 
further verify the reported performance of the instrument. The description of the tests carried out 
are given in the following sections. 
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Figure 3.14 Arduino Uno R3 board  
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3.8.1 Temperature sensors calibration 
The performance of the temperature sensors was investigated to check their integrity prior to 
using the sensors for the laboratory experiment on energy pile. The calibration test was carried 
out by measuring the temperature of ice at a temperature controlled environment. The test was 
conducted for a duration of about 30 minutes in order to allow the sensors to reach steady state. 
Results of the calibration test for the 8 sensors were very promising with values ranging between 
-0.3ºC to +0.1ºC. The results of the calibration test obtained are well within the accuracy range 
of the sensors as reported by the manufacturers i.e. ±0.5ºC. The results of the measured ice 
temperature is shown in Table 3.3. 
Table 3.3 Results of the Temperature sensors calibration  
Sensor No. 
Temperature in ºC 
1st trial 2nd trial 3rd trial Average 
1 0.2 -0.1 0 0.033 
2 0 0 0 0 
3 -0.3 -0.3 -0.3 -0.3 
4 -0.2 -0.2 -0.3 -0.23 
5 0 -0.1 0 -0.033 
6 0.1 0 0.1 0.067 
7 0 0 0 0 
3.8.2 Relative humidity sensors and filter paper calibration 
Calibration of the relative humidity sensors was investigated using a salt solution. The solution 
was prepared in accordance with ASTM E104 standard and was also reported by Rouf et al. 
(2016). The type of salt (NaCl) used in the present investigation was reported by Rockland (1960) 
to have little variation in relative humidity within the temperature range of 20 to 30ºC as a result 
of their low thermal coefficients.  
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The mass of salt (g) required per 100 g of water at 20ºC was estimated based on the following 
equation given in the CRC Handbook of Chemistry and Physics (Lide, 2008).  
  𝑟2 =
100𝑤2
1 − 𝑤2
          (3.2) 
where r2 is the mass of salt (g) and w2 is the solubility expressed as the percentage of salt mass. 
The w2 value for NaCl at full saturation was taken from Lide (2008), for 20ºC, in order to 
calculate the amount of salt required. The calculated mass of the NaCl was used to prepare a 
saturated salt solution. About 1.5 times the calculated salt mass was added to the solution to 
ensure that the solution remains at super-saturated state.  
The relative humidity (h) probes and a Whatman No. 42 filter paper were placed in an airtight 
container containing the super-saturated NaCl solution. The container was sealed and stored in a 
temperature and humidity controlled environment to allow equilibrium to be established. The 
whole setup was allowed an equilibration period of 24 hours prior to taking the various 
measurements for the relative humidity from the relative humidity probes and the filter paper 
respectively. The technique of suction measurement using filter paper is described in section 
3.10.  The results measured and that from literature are compared and shown in Table 3.4. The 
relative humidity values in this study were measured at a temperature range of 21.6-23.9°C 
whereas the ones reported in literature were measured at 20±1°C. These temperature range would 
not affect the measurements due to very low temperature sensitivity of the NaCl solution. L 
reported that at temperatures above 25°C, the change in relative humidity of the salt solution 
increases by -0.002per unit degree rise in temperature.  
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Table 3.4 Relative humidity of super saturated salt solution 
h 
sensor 
no. 
Current study 
Rouf et al. 
(2016) 
ASTM 
E104-02 
(2012) 
Delage 
et al. 
(1998) 
Lide 
(2008) 
Wexler and 
Hasegawa 
(1954) Sensors 
Filter 
paper 
1 75.7 
75.2 75.45 ±0.15 75.3±0.2 76 75.47±0.14 75.5 
2 75.15 
3 78.6 
3.9 Physical characterisation tests 
This section describes the technique used for soil sample preparation and other preliminary tests 
that were required to facilitate the main aim of the study (i.e. thermo-hydraulic behaviour of 
energy piles in unsaturated sand) to be achieved. These preliminary tests include the description 
of the measurement of grain size distribution and concrete properties for the energy pile. 
3.9.1 Particle size distribution 
Particle size distribution is described as the measurement of the proportion of the dry mass of 
soil distributed over a specified particle size range. A particle size distribution test was carried 
out to successfully characterise the sand used in this study. The method for determining the 
particle size distribution of a given soil depends on the soil particle size. For fine grained soils 
(i.e. clay and silts), the sedimentation by pipette or hydrometer can be used. Alternatively, sieving 
method is used to determine the grain size distribution of soils with larger particle size such as 
sands and rocks.  In a situation where the granular soil contains some traces of silt or clay, BS 
1377-2:1990 (1990) recommends the soil to be wet-sieved. This involves thoroughly washing 
the soil through a 63 µm sieve in order to remove all the fine particles, which could have stick to 
each other or to the coarser particles (Powrie, 2019). The portion of the wet soil sample retained 
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on the sieve is then oven-dried at a temperature of about 105ºC to 110ºC and sieved using the 
dry sieving method.  
In this study, 300 g of dry Leighton Buzzard sand was used for the particle size distribution 
determination using the dry sieve method as it does not contain fine grain soil. The sand was 
dried in an oven for 24 hours prior to the start of the test. The test was carried out in accordance 
with BSEN 1377-2:1990 (BSI, 1990). It involved stacking 6 set of sieves, with sizes ranging 
from 2 mm to 63 µm, arranged in order of mesh size with the larger sieve at the top and smallest 
at the bottom. A tray was attached to the bottom of the sieves to collect any sample that passed 
through the 63 µm sieve. The whole setup was placed on a mechanical shaker. The soil retained 
on each sieve was collected and weighed and the results are shown in Table 3.5.  
Table 3.5  Particle size distribution of the Leighton Buzzard sand 
Sieve size 
(mm) 
Amount 
passing (%) 
Amount 
retained (%) 
cumulative 
% retained % Finer 
1.18 100 0 0 100 
0.6 87 13 13 87 
0.425 27 60 73 27 
0.3 12 15 88 12 
0.212 4 8 96 4 
0.15 1 3 99 1 
0.063 0 1 100 0 
The result of the sieve analyses was used to plot the particle size distribution of the sand and is 
shown in Figure 3.15. The Leighton Buzzard sand was characterised with a particle sizes between 
0.15 and 1.18 mm, with an average particle size (D50) of 0.48 mm. The coefficient of uniformity 
(Cu) and curvature (Cc), defined in Equations (3.3) and (3.4), were obtained as 1.79 and 1.45 
respectively. 
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Figure 3.15 Particle size distribution for the Leighton Buzzard sand  
 
  𝐶𝑢 =  
𝐷60
𝐷10
         (3.3) 
  𝐶𝑐 =  
(𝐷30
2)
(𝐷10×𝐷60)
        (3.4) 
where D60, D30 and D10 are the maximum particle sizes corresponding to the 60, 30 and 10% 
percentage finer for the sand respectively. 
3.9.2 Concrete properties 
This section describes the different properties of the concrete used for casting the energy pile. 
The concrete mix was designed for a targeted characteristic design strength of 42 N/mm2. The 
mix had a water – cement ratio of 0.5:1, with a fresh density of 2322 kg/m3 and a degree of 
compactability of 1.098. Degree of compactibility is defined as the ease with which a concrete 
mix can be easily compacted to remove voids prior to concrete setting and hardening process. In 
addition, other workability characteristics of the mix were determined by measuring the 
consistency and the amount of time required by the mix to achieve full compaction under a 
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standard vibration. A slump value of 45 mm was measured due to the collapse of the mix under 
the forces of gravity. Similarly, a vebe test was conducted on the concrete mix using the vebe 
consistometer test. Vebe test is carried out to determine the minimum time required by the 
concrete mix to achieve compaction. It was found that the concrete mix required a minimum of 
3 seconds under vibration to achieve compaction. 
Moreover, the true characteristic design strength of the mix was also measured after 7, 14, 21 
and 28 days of curing period using the concrete cube crushing technique. The obtained values 
are given in Table 3.6. 
Table 3.6  Characteristic design strength for the concrete used for the energy pile cross-  section 
at 7, 14, 21 and 28 days curing period.  
 
Time (days) 
Design strength (N/mm2) 7 days 14 days 21 days 28 days 
1st Cube 19.8 31.0 32.0 35.0 
2nd Cube 22.0 29.0 31.0 33.0 
3rd Cube 23.0 32.0 31.0 34.0 
Average strength 21.6 30.67 31.33 34.0 
3.10 Hydraulic properties  
This section describes the procedure for determining the hydraulic properties i.e. soil water 
retention curve (SWRC), saturated and unsaturated hydraulic conductivity of the sand. 
3.10.1 Soil water retention curve (SWRC) 
The soil water retention curve (SWRC) or soil water characteristic curve (SWCC) used for the 
sand was determined using the filter paper technique. The method employed is described below. 
 
3.10.1.1 Filter paper technique 
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The SWR curve for the Leighton Buzzard sand was established using the filter paper technique. 
Whatman No. 42 filter papers were used in accordance to ASTM D 5298-94. The experimental 
approach is outlined below: 
 The filter papers (Whatman No. 42) with a diameter of 70 mm oven dried overnight for 16 
hours. 
 Water was added to the soil, thoroughly mixed, and compacted using 25 blows to achieve 
certain density.  
 A sample of the soil was obtained and placed in a plastic bag.  
 One oven dried filter paper was sandwiched between two filter papers and placed in contact 
with the soil sample. The two outer filter papers protects the central paper from 
contamination.  
 A perfectly intimate contact between the soil and the filter papers was ensured to allow for 
matric suction measurement. 
 Another dry filter paper held by a paper clip was inserted into the plastic bag. It was ensured 
that the filter paper was suspended in the head space to allow for non-contact moisture 
measurement or total suction. 
 The bag was sealed and kept in a temperature and humidity controlled environment for 7 
days to allow moisture equilibrium to be reached. 
 After 7 days, the suspended and sandwiched filter papers were taken out and measured to 
the nearest 0.0001 g accuracy.  
 The filter papers were oven dried for 24 hrs at 105°C and re-measured.  
 The above steps were repeated with soil samples having different water content.  
 The total and matric suctions were calculated using the Equations presented by (Leong et 
al., 2002) as: 
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Total suction    {
𝑙𝑜𝑔𝜓 = 8.778 −  0.222𝑤𝑓                              𝑤𝑓 ≥ 26
 
𝑙𝑜𝑔𝜓 = 5.31 −  0.0879𝑤𝑓                              𝑤𝑓 < 26
             (3.5)   
 Matric suction  {
𝑙𝑜𝑔𝜓 = 2.909 −  0.0229𝑤𝑓                              𝑤𝑓 ≥ 47
 
𝑙𝑜𝑔𝜓 = 4.945 −  0.0673𝑤𝑓                              𝑤𝑓 < 47
         (3.6) 
where 𝜓 is the suction and wf is the water content of the filter paper. 
3.10.1.2 Curve fitting 
The filter paper technique was used to obtain a small portion of the SWRC. Thus, van Genuchten 
(1980) curve fitting technique was used to predict the full range of the curve for the Leighton 
Buzzard sand. The van Genuchten (1980) model is mathematically defined as: 
  
𝜽𝒍 − 𝜽𝒍𝒓
𝜽𝒍𝒔 − 𝜽𝒍𝒓
=  [
𝟏
𝟏+ (𝝋𝑺)𝜺
]
𝝓
        (3.7) 
And  
𝜙 = 1 −
1
𝜀
         (3.8) 
where 𝜑, ε and ϕ are constant fitting parameters, θl is the volumetric liquid water content, θlr and 
θls are the residual and saturated volumetric liquid water content, respectively. S is the matric 
suction.  
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Figure 3.16 Soil water retention curve (SWRC) for the Leighton Buzzard sand  
Figure 3.16 shows the graph of the degree of saturation versus matric suction obtained by fitting 
the van Genuchten 1980 model to the experimental data for the Leighton Buzzard sand. The 
following constant fitting parameters were found to yield very good results with that from the 
experiment: 
φ = 1.05 
ε = 3.705 
ϕ = 0.7301 
θlr = 0.0074 
θls = 0.356 
3.10.2 Saturated hydraulic conductivity 
The saturated hydraulic conductivity (Ksat) of the Leighton Buzzard sand was determined using 
constant head permeability test in accordance to ASTM standard (ASTM International, 2011). 
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The test was conducted by passing de-aired water at atmospheric pressure through the sand 
contained in a permeameter having a height and a diameter of 160 mm and 58.5 mm respectively. 
Two perforated plates, located at the top and bottom of the permeameter, allowed the de-aired 
water to pass through the soil while preventing the soil particles from passing through it. At the 
top of the permeameter, a hose was connected to deliver water from the constant head tank 
through the soil. Another, hose was attached at the lower part which facilitated the measurement 
of the quantity of water that passed through the saturated sand column per unit time intervals. In 
addition, manometer tubes, connected at the sides of the permeameter, were used to measure the 
water head.  
Equation (3.9) was used to determine the saturated hydraulic conductivity of the Leighton 
Buzzard sand (Ksat) and shown in Table 3.7. An average Ksat value of 1.1x10
-3 m/s was measured 
in the lab and corresponds to the value reported by Ewen and Thomas (1987 and 1989). 
𝐾𝑠𝑎𝑡 =  
𝑞
𝐴𝑖
          (3.9) 
where q is the quantity of water discharged per unit time (m3/s), A is the area (m2) and i is the 
hydraulic gradient. 
𝑞 =  
𝑄
𝑡
           (3.10) 
and  
𝒊 =  
𝒉𝒉𝒆𝒂𝒅
𝑳𝒎𝒂𝒏𝒐𝒎𝒆𝒕𝒆𝒓
          (3.11) 
where Q is the volume of water collected (m3), t is time (s), hhead is the pressure head in 
manometers (mm), and Lmanometer is the length between the two manometers (mm). 
Table 3.7 Saturated hydraulic conductivity of Leighton Buzzard sand 
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Test No. Saturated hydraulic conductivity (m/s) 
1 1.08 x 10-3 
2 1.10 x 10-3 
3 1.12 x 10-3 
Average 1.10 x 10-3 
3.10.3 Unsaturated hydraulic conductivity 
The unsaturated hydraulic conductivity (kl) is the measure of the rate at which water flows 
through a soil when the soil is in unsaturated state. The kl value is a function of the void ratio, 
degree of saturation and temperature. A relationship between kl and Ksat has been reported by 
(Melhuish, 2004) calibrated based on the results of the experiment conducted by (Bӧrgesson and 
Hernelind, 1998). The mathematical relationship is given as: 
  𝑘𝑙 =  (𝑆𝑙)𝛿𝐾𝑠𝑎𝑡        (3.12) 
where ksat is the saturated hydraulic conductivity (m/s), δ is a parameter ranging between 3 and 
10 (Bӧrgesson and Hernelind, 1998). In this study, a value of 3 was chosen when computing the 
𝒌𝒍 value. 
3.11 Thermal properties 
The thermal properties of a soil is an important parameter when it comes to determining the 
nature or ease with which heat flow through it. The heat flow through soil is a complicated 
phenomenon due to the soil composition and its pores, which could be filled with only air, both 
air and water or purely water. Thus, when measuring the soil thermal properties, it is important 
to take account of some key influencing factors such as the water content, specific heat capacity 
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and thermal conductivity. In this study, the specific heat capacity and thermal conductivity were 
measured in the lab and are explained in further details below. 
3.11.1 Specific heat capacity 
Specific heat capacity (c) of a soil is an important thermal property of the soil which is useful in 
characterising the amount of heat that can be removed or added to it per unit change in 
temperature. Similarly, it could be define as the amount of heat energy needed to raise the 
temperature of a soil per unit mass. In this study, the specific heat capacities of the Leighton 
Buzzard sand and concrete were measured in the laboratory using the method of mixtures 
(Noakes, 1953).  The methodology of the test is as follows: 
 A sample of mass, msample (g), was obtained and placed in an oven having a temperature of 
Toven (K). 
 The sample was left in the oven to attain the oven’s temperature, Toven. 
 A water volume, V (m3), having an initial temperature, Tinitial (K), was obtained and placed 
in an insulated container. Similarly, the mass of water, mwater (g), was measured.  
 The sample, at Toven temperature, was taken out from the oven and submerged into   the 
insulated container containing water.  
 The lid of the container was placed back to minimise heat loss. 
 The sample and water were thoroughly stirred and allowed to reach a final temperature, 
Tfinal, (K). 
 The heat gained, Qgained (J), by water was calculated using the following  
Qgained = mwater x cwater x (Tfinal – Tinitial)      (3.13) 
cwater = 4.18 (J/g.K) 
 Furthermore, the heat loss, Qloss (J), by the sample was calculated using the following  
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Qloss = msample x csample x (Toven – Tfinal)      (3.14) 
 In a closed system, the heat loss, Qloss, by the sample is equal to the heat gained, Qgained, by 
water, thus  
Qgained = Qloss         (3.15) 
 The csample was calculated based on the following  
𝒄𝒔𝒂𝒎𝒑𝒍𝒆 =  
𝑸𝐠𝐚𝐢𝐧𝐞𝐝
𝒎𝒔𝒂𝒎𝒑𝒍𝒆(𝑻𝒐𝒗𝒆𝒏−𝑻𝒇𝒊𝒏𝒂𝒍)
       (3.16) 
The measured specific heat capacities of the sand and concrete are shown in Table 3.8. 
Table 3.8 Specific heat capacities of Leighton Buzzard sand and concrete 
Sample No. 
Specific heat capacity (J kg-1K-1) 
Sand Concrete 
1 689.360 686.100 
2 665.564 885.645 
Average 677.5 ≃ 680 785.9 ≃ 800 
The laboratory measurements of the specific heat capacities of the Leighton Buzzard sand and 
concrete were compared with results from literature to check the validity of the measured results. 
The specific heat capacity value of similar sand was reported to be around 700 J kg-1 K-1 (Farouki, 
1981; Ewen and Thomas, 1987, 1989). In addition, the specific heat capacity of concrete was 
reported to range between 800 to 1050 J kg-1 K-1 (Loveridge, 2012; Akrouch, 2014; Loveridge 
and Powrie, 2014; Cecinato and Loveridge, 2015). 
3.11.2 Thermal conductivity 
The thermal conductivity (λ) is an important parameter for determining the thermal properties of 
a material. In other words, it is the rate at which heat flows through a material per unit time. The 
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thermal conductivity can be measured in the lab via the use of steady state and transient methods. 
In the steady state, heat is applied to a specimen in one dimension. The change in temperature 
and input power are monitored until a steady state is reached. The Fourier’s law for heat 
conduction is then used to calculate the thermal conductivity. The state method includes guarded 
hot plate, thermal cell, heat meter, cylindrical configuration method etc. 
Alternatively, the transient state method could be used. This method requires applying heat to a 
specimen and observing the temperature change over time. The thermal conductivity is then 
calculated via the use of diffusion equation. The transient state method includes needle probe, 
thermal shock, periodic temperature waves etc. 
 In addition, the thermal conductivity can be back calculated from the thermal diffusivity of the 
material. The thermal diffusivity (α) is the measure of how heat disperses through a material. It 
is related to the thermal conductivity as shown in Equation 3.17 
  𝜆 =  𝛼𝐶         (3.17) 
where C is the volumetric heat capacity of the material (J m-3K-1). 
In this study, the thermal diffusivity method was used to determine the thermal conductivity of 
the Leighton Buzzard sand and concrete pile. The thermal diffusivity was determined using the 
method proposed by Shannon and Wells (1947). The method involve observing the temperature 
changes at the mid-point of a cylinder due to sudden change in temperature at the cylinder 
periphery. A concrete cylinder having a height and diameter of 185 mm and 93.5 mm was used 
in measuring the thermal diffusivity of concrete (𝜶𝒄𝒐𝒏𝒄𝒓𝒆𝒕𝒆). A hole was made at the axis of the 
cylinder down to its mid-height during concrete casting and hardening process. This was to allow 
a temperature sensor to be inserted in the axial hole in order to monitor the axial temperature of 
the cylinder. Also, the heat transfer is expected to be majorly radial due to the height of the 
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cylinder being about twice its diameter. The measurement for the concrete thermal diffusivity is 
described as follows: 
 Firstly, a temperature sensor was inserted into the central hole at the axis of the cylinder to 
monitor axial temperature change.  
 A second sensor was placed in the oven to monitor its temperature evolution. 
 The temperatures were monitored until equilibrium was reached. 
 The final temperature at the cylinder axis, Tcylinder, and the oven, Toven, were used to 
calculate the percentage temperature change (μ) mathematically defined as: 
 𝜇 =  
𝑇𝑐𝑦𝑙𝑖𝑛𝑑𝑒𝑟− 𝑇𝑖𝑛𝑖𝑡𝑖𝑎𝑙
𝑇𝑜𝑣𝑒𝑛− 𝑇𝑖𝑛𝑖𝑡𝑖𝑎𝑙
(100)       (3.18) 
  The μ value was used to obtain the dimensionless time factor (tfactor) from the chart in 
 Figure  3.17. 
 The thermal diffusivity,α, was calculated using: 
 𝛼 =  
𝐷2𝑡𝑓𝑎𝑐𝑡𝑜𝑟 
𝑡
         (3.19)   
where t is time in hours 
 The volumetric heat capacity (Cvol) was determined as a function of specific heat capacity 
and water content, given by: 
 𝐶𝑣𝑜𝑙  =  𝛾 (𝑐 +  
𝑊 
100
)        (3.20) 
where γ is the unit weight and w is the water content in percentage. 
 Finally the thermal conductivity (𝝀) is calculated using Equation (3.17). 
The same procedure above was repeated when calculating the thermal conductivity of the sand.  
  𝜆𝑠 = 0.256 + 2.548(1 − exp (−22.94𝜃)      (3.21) 
Chapter 3 Laboratory experiment design, set-up and methodology 
Page | 135  
where θ is the moisture content mathematically defined as:  
  𝜃 = 𝑆𝑙  ∗ 𝑛         (3.22) 
 
Figure 3.17 Time factor curves for temperature change adopted from Shannon and Wells ( 1947) 
 
Figure 3.18 Comparison of thermal conductivity values measured and that from mathematical 
expression of Ewen and Thomas (1989) for the Leighton Buzzard sand 
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In addition, the thermal conductivity of soils is a function of the degree of saturation. Thus, the 
full range of the thermal conductivity curve, i.e. 0% to 100% saturation, was established using 
the mathematical equation proposed by Ewen and Thomas (1987) and extended by Ewen and 
Thomas (1989) shown in Equation (3.21). The results obtained using the mathematical equation 
and that measured in the lab are plotted in Figure 3.18. The two results show good agreement 
over the full range of the degree of saturation i.e. 0 – 100%. Also for the fact that Ewen and 
Thomas (1989) reported that the accuracy of the empirical equation is within ±7%. 
3.12 Material properties 
This section gives a summary of the material properties that were used for the different numerical 
and experimental investigations conducted in chapters 5, 6, 7 and 8. Section 3.12.1 presents the 
properties for London clay adopted from the literature. The parameters for the London clay were 
used for the numerical analyses presented in chapter 5. Section 3.12.2 provides the properties of 
the Leighton Buzzard sand; which was used for the experimental and numerical investigations 
conducted in chapters 6 and 8 respectively. Lastly, section 3.12.3 shows the properties of three 
types of soils: sand, silt and clay that were obtained from literature. 
3.12.1 Properties of London clay, concrete, HDPE pipe, reinforcement and plastic bar 
This section describes the properties of the materials that were adopted from the literature and 
used for analyses in chapter 5. The material parameters were obtained from: (Midttømme, 1998; 
Metals, 2005; Amis et al., 2008; DirectPlastics, 2008; Gao et al., 2008a & 2008b; Hepburn, 2013; 
Loveridge et al., 2013; Cecinato and Loveridge, 2015; Low et al., 2015). 
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Table 3.9 Properties of London clay, concrete, HDPE pipe, reinforcement and plastic bar 
Parameter London 
Clay 
Concrete HDPE 
Pipe 
Steel Plastic 
bar 
Hydraulic parameters 
Saturated hydraulic conductivity, ksat (m.s
-1) 5.8x10 -11 – – – - 
Degree of saturation, (%) 100 – – – - 
      
Thermal parameters 
Thermal conductivity, λ (W. m-1 K-1) 1.5 1.5 0.385 43 0.36 
Specific heat capacity, Cp (J. kg
-1 K-1) 1820 1050 1465 473 1500 
      
Other parameters 
Density, ρd (kg. m-3) 1968 2210 1100 7801 1150 
Porosity, n 0.37 0.1 – –  
Latent heat of vaporisation, L (J. kg-1) 2400000 
Henry's volumetric coefficient of solubility, Hs 0.02 
Specific gas constant 287.1 
  
3.12.2 Properties of Leighton Buzzard sand, clay and concrete  
The properties of Leighton Buzzard sand and concrete required to successfully carry out the 
numerical simulations conducted and reported in chapter 6 were measured in the lab, while the 
properties of the clay were obtained from the work of Singh (2007), and are detailed in Table 
3.10 as follows: 
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Table 3.10 Properties of Leighton Buzzard sand, clay and concrete 
Parameter Sand Clay Concrete 
Hydraulic parameters 
Saturated hydraulic conductivity, ksat (m. s
-1) 1.3x10 -3 1.02x10 -10 – 
Unsaturated hydraulic conductivity, Kl (m.s
-1) Kl = (Sl)
δ ksat ;  δ=3 – 
Degree of saturation, (%) ranges from 0 – 100%  
van Genuchten (1980) fitting parameters 
 
φ = 0.645 
ε=5.905, 
ϕ=0.831, 
θlr =0.0025, 
θls  = 0.356 
φ = 0.015 
ε=1.9, 
ϕ=0.474, 
θlr =0.0001, 
θls = 0.38 
 
 
– 
Thermal parameters 
Thermal conductivity, λ (W.m-1 K-1) λs= f (Sl) 
Soil specific heat capacity, Cps (J. kg
-1 K-1) 700 800 800 
Vapour specific heat capacity, Cpv (J. kg
-1 K-1) 1870 
Specific heat capacity of water, Cpw (J/kg K) 4200 
Other parameters 
Density, ρd (Kg.m-3) 2570 2630 2630 
Porosity, n 0.356 0.38 0.38 
Latent heat of vaporisation, L (J.kg-1) 2400000 
Henry's volumetric coefficient of solubility, Hs 0.02 
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3.12.3 Properties of Sand, Bonny silt and kaolin clay  
This section describes the properties of the sandy soil obtained from the work of Ewen and 
Thomas (1987 & 1989), Thomas and Li, 1997), Bonny silt soil from Mccartney and Baser (2017) 
and a clay (Speswhite kaolin clay) soil from Singh (2007). 
Table 3.11 Properties of sand, silt and kaolin clay.  
Parameter Sand Silt Clay 
Hydraulic parameters 
Saturated hydraulic conductivity, ksat (m.s
-1) 1.1x10 -3 1.24x10 -7 1.02x10 -10 
Unsaturated hydraulic conductivity, Kl (m.s
-1) Kl = (Sl)
δ ksat ;  δ=3 
Degree of saturation, (%) ranges from 0 – 100% 
van Genuchten (1980) fitting parameters φ= 0.095 
ε=4.162 
θlr =0.0025 
θls  = 0.389 
φ= 0.09  
ε=2.71 
θlr =0.03 
θls = 0.47 
φ= 0.015 
ε=1.9 
θlr =0.0001 
θls= 0.38 
Thermal parameters 
Thermal conductivity, λ (W. m-1 K-1) λs= f (Sl) 
Soil specific heat capacity, Cps (J. kg
-1 K-1) 800 1200 800 
Vapour specific heat capacity, Cpv (J/kg
-1 K-1) 1870 1870 1870 
Specific heat capacity of water, Cpw (J. kg
-1 K-1) 4200 4200 4200 
Other parameters 
Density, ρd (kg. m-3) 2700 2590 2630 
Porosity, n 0.389 0.47 0.38 
Latent heat of vaporisation, L (J. kg-1) 2400000 
Henry's volumetric coefficient of solubility, Hs 0.02 
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3.13 Conclusions 
This chapter reports the laboratory experimental set-up, the process used in the set-up and the 
methodology of carrying out the different tests. Firstly in this chapter, the type of tests conducted 
on the thermo-hydraulic (TH) behaviour of energy pile installed in Leighton Buzzard sand were 
described. The TH test involved cyclic heating and cooling of energy pile embedded in sand with 
varying degree of saturation.  
Afterwards, each of the materials and components required for the experiments were identified 
and defined.  Additionally, the data loggers and the sensors: relative humidity and temperature 
sensors used were described and their integrity and calibration checked against sodium chloride 
salt and ice respectively. In addition, different tests including the particle size distribution of the 
sand and the properties of the concrete used for the construction of the energy pile were also 
described. 
Furthermore, the hydraulic properties: soil water characteristic curve (SWCC), and saturated 
hydraulic conductivity of the Leighton Buzzard sand were measured.   
Lastly, the thermal properties: thermal conductivity and specific heat capacity of the Leighton 
Buzzard sand and that of concrete were measured. Similarly, the methodology for each of the 
tests are described.   
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Chapter 4 
Numerical model validation 
4.1 Introduction 
This chapter discusses the validation of the numerical model used for conducting myriads of 
numerical studies reported in the later chapters i.e. Chapters 5, 7 and 8. The development of the 
numerical models is presented first, followed by the description of the validation process for the 
numerical model developed and used. 
The validation in Section 4.2 was carried out by comparing the results obtained from COMPASS 
with analytical solutions. It provides an overview of the different approaches available for 
determining geothermal energy pile (GEP) resistance, followed by describing the development 
and validation process for the numerical models used in Chapter 6 of this report. The numerical 
models comprise a planar section of a pile-only model and a pile-ground model. Also, the section 
highlights the properties of the different materials used, the initial and boundary conditions 
applied to the models. Lastly, the results of the numerical and analytical approaches are compared 
and discussed.  
Section 4.3 describes the laboratory experiment carried out by Singh (2007) on highly swelling 
clays in unsaturated conditions. Equally, the model development, the comparison of the results 
obtained from the developed numerical models and that reported by Singh (2007) are presented 
and discussed. 
Section 4.4 describes the experimental testing programme carried out on the cyclic heating and 
cooling of energy pile cross-section installed in Leighton Buzzard sand with varying saturation 
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condition. The details of the laboratory test set-up have been given previously in Chapter 3. Also, 
the development of the numerical model to simulate and validate the experimental programme 
on cyclic heating and cooling on energy pile cross-section are described. Furthermore, a detailed 
description of the validation process and comparison of the results of the laboratory experiment 
and numerical simulations are presented. Lastly, Section 4.5 presents the conclusion from the 
different sections of this chapter.  
4.2 Pile-only and pile-ground numerical simulations and validation 
This section provides a detailed overview of the different analytical equations that were used for 
the numerical model validations. Furthermore, it describes the two numerical simulations (1) 
Pile-only simulation and (2) Pile-ground simulation. Lastly, the section discusses and compares 
the results obtained using the numerical and analytical approaches.  
4.2.1 Overview of the available analytical approaches for determining GEP resistance  
Different approaches for determining the thermal resistance of a borehole element have been 
proposed. The same approaches are used in determining GEP resistance (RGEP). Although the 
methods vary, they all categorise the overall thermal resistance of a GEP (RGEP) into three 
components namely: the convective resistance associated with the heat carrier fluid (HCF) 
(Rpconv); the pipe conductive resistance (Rpcond); and the concrete conductive thermal resistance 
(Rc) given in Equation 4.1 shown below: 
 RGEP = Rc + Rpconv + Rpcond        (4.1) 
Rpconv is mathematically defined in Equation 4.2 as: 
  𝑅𝑝𝑐𝑜𝑛𝑣 =  
1
2𝑛𝜋𝑟𝑖ℎ𝑖
        (4.2) 
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where hi (W/m
2 K) is the heat transfer coefficient determined using the convection correlation, ri 
is the pipe internal radius and the Nusselt number (Nu) in Equation 4.3. The heat transfer 
coefficient is expressed based on Dittus-Boelter equation as: 
 ℎ𝑖 =  
𝑁𝑢 𝜆𝑓𝑙𝑢𝑖𝑑
2𝑟𝑖
=   
0.023𝑅𝑒
0.8 𝑃𝑟
0.35 𝜆𝑓𝑙𝑢𝑖𝑑
2𝑟𝑖
       (4.3) 
where λfluid is the thermal conductivity of HCF, Pr is the Prandtl number (the ratio of the rate of 
viscous diffusion to thermal diffusion) and Re is the Reynolds number (the ratio of the inertial 
forces to viscous forces for fluid flow). 
For simplification, the radial temperature distribution in HCF is assumed to be uniform at any 
point along the length of the high-density polyethylene (HDPE) pipe.  
Furthermore, the conductive resistance Rpcond is defined as:  
  𝑅𝑝𝑐𝑜𝑛𝑑 =  
𝑙𝑛(
𝑟𝑜
𝑟𝑖⁄ )
2𝑏𝜋𝜆𝑝
        (4.4) 
Where b is the number of pipes, ro is the pipe outer radius, λp is the thermal conductivity of HDPE 
pipe. 
The concrete resistance, Rc, presented in Equation 4.1 is difficult to evaluate and can be 
determined using various analytical methods reported by other researchers. Some of these 
analytical methods include equivalent radius method, empirical method and multipole 
method(Bennet et al., 1987; Remund, 1999; Zeng et al., 2002; Sharqawy et al., 2009; Lamarche 
et al., 2010; Claesson and Hellström, 2011; Al-chalabi, 2013; Loveridge and Powrie, 2014). 
These methods are further described here. 
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4.2.1.1  Equivalent radius method  
One of the earliest methods of determining concrete resistance (Rc) assumes the U-shape heat 
exchanging loop to be a pipe of an equivalent radius (𝒓𝒆𝒒) and having the same axis with the 
GEP. The concrete resistance is computed considering radial heat conduction from the outer wall 
of the pipe to the GEP circumferential surface as given in Equation 4.5: 
  𝑅𝑐 =  
1
2𝜋𝜆𝑐
 𝑙𝑛 (
𝑟𝑏
𝑟𝑒𝑞⁄ )       (4.5) 
where λc is the concrete thermal conductivity and rb is the radius of the borehole or GEP. The req 
value can be computed using the expression proposed by Claesson and Dunand (1983) and used 
by Shonder and Beck (2000) as shown in Equation 5.6. However, the expression is quite simple 
and neglects the shank spacing (Sh) effect between the inlet and outlet U-tube pipes. Other 
alternative solutions that account for the effect of shank spacing were proposed by Bose et al. 
(1985) and Gu and O’Neal (1998) as shown in Equations 4.7 and 4.8 respectively. 
  𝑟𝑒𝑞 =  √2 𝑟𝑜         (4.6) 
  𝑟𝑒𝑞 =  √𝑟𝑜  𝑆ℎ          (4.7) 
 𝑟𝑒𝑞 =  0.414 𝑟𝑜 + 0.5 𝑆ℎ       (4.8) 
4.2.1.2  Empirical method 
Alternative method of calculating Rc of a GEP is through the use of various empirical approaches 
available. It involves establishing an empirical relationship derived from the use of curve fitting 
technique of experimental and/or numerical data.  
One of the popular approaches of estimating Rc was developed by Paul (1996) and used by 
Remund (1999): 
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 𝑅𝑐 =
1
𝑆𝑐𝜆𝑐
          (4.9) 
The method is based on the shape factor (Sc) relationship determined using empirical coefficients 
β0 and β1 which are back calculated from experimental data as follows:  
  𝑆𝑐 = 𝛽0 (
𝑟𝑏
𝑟𝑜⁄ )
𝛽1
        (4.10) 
The coefficients β0 and β1 for the three different configurations (Cases A–C), shown in Table 4.1, 
were investigated by Paul (1996). Case A involves the inlet and outlet leg of the loop being in 
direct contact at the centre of the borehole. Case B represents a case where the inlet and outlet 
legs are situated at an equal distance from each other and the borehole wall. While case C 
considers a situation with maximum shank spacing possible, where the U-tube legs are situated 
at opposite sides touching the borehole edge.  
Table 4.1 Borehole factor values for different U-tube configurations (after Paul (1996)) 
Configurations Diagram β0 β1 
Case A 
 
20.10 -0.9447 
Case B 
 
17.44 -0.6052 
Case C 
 
21.91 -0.3796 
Similarly, Sharqawy et al. (2009) also developed an expression, presented in Equation 4.11, to 
determine the borehole thermal resistance based on 2D finite element simulations. The authors 
claimed that their expression is highly accurate within the range of dimensionless geometrical 
parameters 2.5 ≤
𝑑𝑏
𝑑𝑝
⁄ ≤ 7 and 0.2 ≤
𝑆ℎ
𝑑𝑏
⁄ ≤ 0.8. 
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  𝑅𝑐 =
1
2 𝜋𝜆𝑐
[−1.49 (
𝑆ℎ
𝑑𝑏
) + 0.656 𝑙𝑛 (
𝑑𝑏
𝑑𝑝
) + 0.436]    (4.11) 
Where db is the borehole diameter, Sh is the shank spacing and dp is the pipe diameter.  
Another best–fit expression of determining Rc has been proposed by Loveridge and Powrie 
(2014). The expression is given in Equation 4.12:  
 𝑅𝑐 =
1
𝑆𝑐 𝜆𝑐
         (4.12) 
Table 4.2 Curve fitting values for a single loop in a GEP (after Loveridge and Powrie (2014)) 
 λc = λs λc = 2λs 2λc = λs 
A 4.919 4.34 4.853 
B 0.3549 0.317 0.345 
C -0.07127 -0.001228 -0.1676 
D -11.41 -10.18 -16.76 
E -2.88 -2.953 -3.611 
F 0.06819 -0.002101 0.1938 
The shape factor (Sc) expression shown in Equation 4.13 was obtained through sensitivity 
analyses of non–dimensional parameters (
𝑟𝑏
𝑟𝑜⁄ ) and (
𝑟𝑏
𝑐𝑐⁄ ).  
  𝑆𝑐 =
𝐴
𝐵 𝑙𝑛(
𝑟𝑏
𝑟𝑜⁄ )+𝐶 𝑙𝑛(
𝑟𝑏
𝑐𝑐⁄ )+(
𝑟𝑏
𝑟𝑜⁄ )
𝐷
+ (
𝑟𝑏
𝑐𝑐⁄ )
𝐸
+𝐹
    (4.13) 
where cc is the concrete cover. The constants A, B, C, D, E and F are determined through curve 
fitting technique. Their values depend on the number of loops and concrete–soil thermal 
conductivity ratio as presented in Table 4.2.  
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4.2.1.3  Multipole method 
Another expression for determining Rc is the multipole method developed based on the line–
source model that was presented by Hellström (1991) and given in Equation 4.14. It is used in 
the Duct Storage model (DST) program (Lamarche et al., 2010) to simulate a vertical GEP and 
its surrounding soil. 
  𝑅𝑐 =
1
4 𝜋𝜆𝑐
[𝑙𝑛 (
𝑟𝑏
𝑟𝑜
) + 𝑙𝑛 (
𝑟𝑏
𝑆ℎ
) +  𝜎𝑙𝑛 (
𝑟𝑝
4
𝑟𝑝
4−(
𝑆ℎ
2⁄ )
4
  
)]    (4.14) 
  𝜎 =
𝜆𝑐−𝜆𝑠
𝜆𝑐+𝜆𝑠
         (4.15) 
where  
𝑟𝑏
𝑟𝑜⁄  and 
𝑟𝑏
𝑆ℎ
⁄  are the most important parameters in Equation 4.14, σ is determined using 
Equation 4.15, and λs is the soil thermal conductivity. 
In addition to the line–source equation, Bennet et al. (1987) developed a complex algorithm 
which could be used in determining Rc for any number of pipes placed arbitrarily in a heat 
exchanger. The algorithm was developed in Fortran language and Mathcad program and was 
used in Earth Energy Designer and GLHEPRO models (Javed and Spitler, 2016). It is generally 
regarded as one of the most accurate ways of calculating Rc (Lamarche et al., 2010; Al-chalabi, 
2013; Loveridge and Powrie, 2014; Javed and Spitler, 2016). The multi-pole solution for the case 
of two symmetrical pipes is presented in Equation 5.16:  
  𝑅𝑐 =
1
4 𝜋𝜆𝑐
[ 𝛽 + 𝑙𝑛 (
𝑟𝑏
𝑟𝑜
) +  𝑙𝑛 (
𝑟𝑏
𝑆ℎ
) +  𝜎𝑙𝑛 (
𝑟𝑏
4
𝑟𝑏
4−(
𝑆ℎ
2⁄ )
4
  
)]  
  − 
1
4 𝜋𝜆𝑐
[
𝑟𝑜
2
𝑆ℎ
2⁄ {1 − 𝜎((
𝑆ℎ
4
4
⁄ ) 𝑟𝑏⁄ − (
𝑆ℎ
2⁄ )
4
)}
2
(1+ 
𝛽
1⁄ −𝛽)+ (
𝑟𝑜
2
𝑆ℎ
2⁄ ){1+ 𝜎((𝑆ℎ
4𝑟𝑏
4) (𝑟𝑏
4 − (
𝑆ℎ
2⁄ )
4
)
2
⁄ )}
]  (4.16) 
where β is a constant mathematically defined as 𝛽 =  2𝜋𝜆𝑐𝑅𝑝.  
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4.2.2  Finite element simulations of pile-only and pile-ground problem 
This section describes the numerical simulations conducted to validate the two cases: pile-only 
and pile-ground problems. Also, the description of the meshing process, the elements sizes for 
the two models are presented.  
4.2.2.1  Pile-only simulation 
A 2-dimensional model of a GEP was developed in COMPASS code. The model comprises only 
the planar section of a GEP as shown in Figure 4.1(a) The GEP has a geometrical dimension of 
600 mm in diameter with a single U-loop of the HDPE pipe installed. The two pipes represents 
the inlet and outlet legs of the loop. The dimension of the modelled pipes is characterised with 
an inner and an outer diameter of 28 and 32 mm respectively. The inlet and outlet pipes are 
installed very close to the pile periphery with a concrete cover (cc) of 50 mm. The spacing 
separating the inlet pipe leg and the outlet pipe leg is known as shank spacing (Sh) and it is equal 
to 436 mm.  
 
Figure 4.1 (a) Pile-only model geometry, and (b) pile-ground model geometry 
The pile–only model in Figure 4.1(a) is restricted to only the concrete GEP and the HDPE pipes. 
The surrounding soil and the HCF in the pipes were not modelled. The main purpose of 
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developing the pile-only model is to compare the results of the GEP resistance (RGEP) obtained 
using COMPASS with other available analytical approaches which do not take into account the 
effect of the soil surrounding the pile. Thus, the GEP periphery is considered as the external 
boundary of the whole model. The RGEP was computed using Equation 4.1. 
In addition, the effect of Rpconv associated with the HCF was ignored in the model. The value of 
Rpconv can easily be computed using Equation 4.2, and it is significantly lower than Rc provided 
that a turbulent flow regime is maintained.  
4.2.2.1.1  Pile-only mesh description 
The meshing carried out on the planar geometry of the pile i.e. the pile-only model as shown in 
Figure 4.1a. The surface of the pile was discretised using a uniform 4 noded triangular mesh 
elements with an equal size of 10 mm. The HDPE pipes were also discretised using 4 noded 
triangular elements, however, the elements sizes were decreased to 1 mm. At the regions close 
to the pipes, 1 mm mesh sizes were applied at the pile-pipe interface, and expanded to 10 mm at 
other locations within the pile surface.  
4.2.2.2  Pile-ground simulation 
In order to analyse the problem from a more realistic point of view, the model shown in Figure 
4.1a was extended to include the soil surrounding the GEP cross–section. The GEP diameter of 
600 mm was maintained as shown in Figure 4.1a, while the ground domain was extended 
outwards to a radial distance of 5 m from the axis of the pile. The layout of the pile-ground model 
domain is shown in Figure 4.1b. 
Furthermore, just as in the pile-only model case, the convective resistance due to HCF was 
neglected in all the simulations carried out using the pile-ground model. 
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4.2.2.2.1  Pile-ground mesh description 
The meshing described in the pile-only model, i.e. elements sizes of 10 mm and 1 mm on the pile 
and the pipe surfaces, were maintained here. However, in the soil domain, the mesh size 
expanded from the pile surface towards the far field soil boundary. A 4 noded triangular mesh of 
20 mm size was applied at the pile surface and the elements size increased to 500 mm at the far-
field boundary.  
4.2.3  Material properties and boundary conditions 
This section describes the properties of the materials that were adopted from the literature and 
used for analyses. Also, the section describes the different initial and boundary conditions 
obtained and used for the different analyses. 
4.2.3.1  Materials properties 
The materials used in this study are adopted from the values that were measured and reported in 
the literature. London clay was chosen as the soil type surrounding the GEP. Table 4.3 presents 
the set of material properties for the HDPE pipe, concrete GEP and the London clay. The material 
properties were obtained from the following researchers: Midttømme (1998), Metals (2005), 
Amis et al. (2008), DirectPlastics (2008), Gao et al. (2008a & 2008b), Hepburn (2013), 
Loveridge et al. (2013), Cecinato and Loveridge (2015) and Low et al. (2015). 
4.2.3.2  Initial conditions 
The initial conditions assumed in the two models, i.e. pile only model and pile-ground model, 
and correspond to the typical values of a GEP embedded in London clay. The initial temperature 
of the concrete GEP, the HDPE pipes and the surrounding London clay was assumed to be around 
13.4°C. This agrees with the all-year-round constant ground temperature value measured at East 
London and reported by Loveridge et al. (2013) during a thermal response test on a vertical 
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borehole. Furthermore, the initial degree of saturation of the London clay was assumed to be 
100% being a representative of the fact that the soil is fully saturated (Loveridge et al., 2013). 
Additionally, the effect of the interaction between the atmospheric air and the pile was neglected. 
This is because piles and surrounding soil are covered by buildings and are not exposed to the 
atmosphere. 
Table 4.3 Material properties 
Parameter London 
Clay 
Concrete HDPE 
Pipe 
Steel Plastic 
bar 
Hydraulic parameters 
Saturated hydraulic conductivity, ksat (m.s
-1) 5.8x10 -11 – – – - 
Degree of saturation, (%) 100 – – – - 
      
Thermal parameters 
Thermal conductivity, λ (W.m-1 K-1) 1.5 1.5 0.385 43 0.36 
Specific heat capacity, Cp (J.kg
-1 K-1) 1820 1050 1465 473 1500 
      
Other parameters 
Density, ρd (kg.m-3) 1968 2210 1100 7801 1150 
Porosity, n 0.37 0.1 – –  
Latent heat of vaporisation, L (J.kg-1) 2400000 
Henry's volumetric coefficient of solubility, 
Hs 
0.02 
Specific gas constant 287.1 
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4.2.3.3  Boundary conditions 
The boundary conditions applied to the inlet and outlet pipes were selected based on the data 
sheet of GSHP system specification obtained from Kensa heat pumps, UK and Water Furnace 
international heat pump manufacturers (Heat, 2016 and waterfurnace, 2016). 
A constant temperature of 308.15 K (35°C) and 303.15 K (30°C) were applied to the internal 
surface of the inlet and outlet leg of the HDPE pipes, respectively. This represents the process of 
heat injection into the soil during summer to provide space cooling. The same temperature 
conditions were applied, to the inlet and outlet pipes, for both the pile–only model and the pile 
and extended ground model, respectively.  
In addition, a fixed temperature of 286.55 K (13.4°C) was applied at the outer surface of the 
concrete GEP in the pile–only model. This is to allow all the temperature changes to be fully 
developed within the concrete pile domain. However, in the pile-ground model, the fixed 
temperature condition (i.e. 286.55 K) was applied at the outer surface of the soil domain (i.e. at 
5 m radial distance from the centre of GEP). 
4.2.4  Numerical simulations and validation 
This section discusses the numerical simulations carried out and presents and compare the results 
obtained from COMPASS and the different analytical equations.  
4.2.4.1  Numerical simulations 
This section presents a detailed description of the different simulations conducted for both pile–
only geometry and the pile-ground geometry. Followed by the validations of the two problems 
by comparing the numerical results with that of analytical and empirical approaches. Afterwards, 
the pile-ground geometry was used to study the pipe-pipe thermal interaction and how it varies 
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with the number of loops, thermal conductivity and pipe location which are fully described in 
chapter 5.  
In addition, it should be noted that all the numerical simulations were carried out for the duration 
of 6 months of continuous heat application process. This is to represent a case where the GEP 
system was installed in an equal space cooling (heat injection to the ground) and heating (ground 
heat extraction) dominated climate. However, this study is limited to the ground heat injection 
process, i.e. the ground heat extraction was not investigated. This ensures the decoupling of the 
thermal cyclic loading process, and allows for rigorous investigation of the pipe-pipe thermal 
interaction characteristics in a GEP, with a focus on factors that could significantly influence it.  
4.2.4.2  Validation  
The validation of the pile-only simulation is first described and compared with analytical 
approaches in Section 4.2.4.2.1. In addition, the discussion and results comparison for the pile-
ground model is later described in Section 4.2.4.2.2. 
4.2.4.2.1  Validation for the pile-only simulation 
The numerical simulation conducted using the pile–only model was carried out by applying the 
described boundary conditions (in Section 4.2.3) on to the model. The analyses were carried out 
until a steady state condition was reached within the concrete GEP cross–section. Additionally, 
a sensitivity analysis was conducted by refining the size of the triangular elements mesh to choose 
the best optimum mesh size. The final optimum mesh sizes adopted for the pipe and the GEP 
were described in Section 4.2.2.1.1 of this work. The mesh was chosen when the results obtained 
do not vary significantly after varying the elements size. The geometry of the model along with 
the refined mesh is shown in Figure 4.1. 
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In order to validate the model, the results obtained using the optimum chosen mesh was utilised 
to compute the GEP thermal resistance (RGEP) mathematically defined in Equation 4.1. The result 
obtained from the numerical simulation was compared with that obtained from the analytical 
approaches (described in Section 4.2.1). 
The results of the GEP thermal resistance (RGEP) for the different analytical methods outlined 
earlier are reported and compared with the result obtained from the numerical simulation using 
the pile–only model as shown in Figure 4.2. The values of the RGEP calculated from the different 
approaches vary in accuracy when compared to the numerical pile–only model. All the methods 
provided RGEP, which are within the range of 0–7% of the numerical model, except for the case 
proposed by Paul (1996). 
 
Figure 4.2  GEP resistance computed for COMPASS and the different analytical approaches 
Paul (1996) model gave a RGEP value that is 0.101 (m.K. W
-1) higher compared to the numerical 
model. This could be as a result of the limitation attributed to the Paul’s approach i.e. it does not 
accurately take into account the exact position of the installed loop. Additionally, the large 
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discrepancy could be due to the fact that Case C shown in Table 4.1, with the pipes touching the 
circumference of the GEP, was used to compute the Paul’s equation. Meaning the concrete cover 
was not accounted for, which is on the contrary compared to the other models. Thus, making the 
Paul’s expression difficult to be employed for accurately calculating RGEP. 
On the other hand, the closest RGEP value was obtained using the Bennet et al. (1987) multi pole 
model, with a deviation of about –0.004 (m.K/W) from the numerical model. This captures the 
powerful nature of the multi pole expression in evaluating the GEP thermal resistance. The next 
in agreement is the model proposed by Loveridge and Powrie, with a RGEP value that is 0.006 
(m.K/W) higher than the numerical model. The models of Hellström (1991) and the Shonder and 
Beck (2000) provided a resistance that was 0.008 (m.K/W) higher, while Sharqawy et al. (2009) 
expression gave a RGEP value that was 0.11 (m.K/W) higher compared to that of numerical model. 
4.2.4.2.2  Validation for the pile-ground simulation 
In the case of validating the pile-ground model, the geometry with the two pipes (i.e. inlet leg 
and outlet leg) as shown in Figure 4.1b was used for the analysis. A transient analysis was carried 
out for 6 months of continuous heating process. An initial time step of 100 seconds was found to 
yield a converged result. Afterwards, the numerical simulation result obtained from the pile-
ground model was validated using the analytical approach reported by Loveridge and Powrie 
(2014), expressed in Equation 4.17, because it takes into account the number of loops and the 
relationship between the concrete-soil thermal conductivity. 
The mean temperature at the circumference of the concrete GEP (TGEP) was used to calculate the 
shape factor (Sc) using Equation 4.17 expressed as: 
  𝑆𝑐 =
𝑞𝑝
𝜆𝑐(𝛥𝑇)
         (4.17) 
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 Where 
 𝛥𝑇 =  𝑇𝐺𝑃𝐸 − (
𝑇𝑖𝑛𝑙𝑒𝑡−𝑇𝑜𝑢𝑡𝑙𝑒𝑡
2
)       (4.18) 
The result of the shape factor (Sc) value determined, using Equation 4.17, was compared with the 
analytical equation proposed by Loveridge and Powrie (2014) expressed in Equation 4.13. The 
results obtained from the two methods were found to be very close and do not vary by more than 
0.3%, as shown in Table 4.4. To further evaluate the accuracy of the numerical model result, the 
root mean square error (RMSE) and the maximum error (Errmax) were determined using 
Equations 4.19 and 4.20 respectively.  
The results show the capability of the Loveridge and Powrie (2014) expression, in accurately 
determining RGEP, and also in taking into account the variable circumferential temperature 
distribution around the GEP perimeter.  
  𝑅𝑀𝑆𝐸 = √
(𝑆𝑐𝑛𝑢𝑚𝑒𝑟𝑖𝑐𝑎𝑙 − 𝑆𝑐𝑎𝑛𝑎𝑙𝑦𝑡𝑖𝑐𝑎𝑙)
2
𝑆𝑐𝑛𝑢𝑚𝑒𝑟𝑖𝑐𝑎𝑙
2       (5.19) 
  𝑬𝒓𝒓𝒎𝒂𝒙 =
|(𝑺𝒄𝒏𝒖𝒎𝒆𝒓𝒊𝒄𝒂𝒍− 𝑺𝒄𝒂𝒏𝒂𝒍𝒚𝒕𝒊𝒄𝒂𝒍)|
𝑺𝒄𝒏𝒖𝒎𝒆𝒓𝒊𝒄𝒂𝒍
      (4.20) 
Table 4.4 Sc, RMSE and Errmax Results 
Models Sc RMSE Errmax 
(Loveridge and Powrie, 2014) 4.986253942 0.0000093120702 -0.00305 
Numerical 4.971084337 
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4.2.5 Summary for the validation of the pile-only and pile-ground simulations using 
analytical equations 
Section 4.2 discusses the validation exercise of the numerical models. The two models: pile–only 
and pile–ground models were validated using analytical equations given in Section 4.2.1.  
In addition, an extensive numerical investigation was carried out following the validation 
process. The numerical investigation looked into the thermal interaction that could occur in an 
energy pile. Furthermore, the effect of different factors such as thermal conductivity, specific 
heat capacity, number of HDPE loops and their location on the heat flow characteristics and their 
contribution towards thermal interaction in an energy pile were also investigated. The full details 
of the studies are given in Chapter 5 of this report.  
  
  
Chapter 4        Numerical model validation 
Page | 158 
4.3 Numerical modelling and validation of the laboratory test on 
unsaturated bentonite clay 
This section discusses the numerical simulations and validation process against the laboratory 
experiment conducted on an unsaturated swelling clay i.e. bentonite buffer. The experiment was 
carried out at the University of Cardiff by Singh (2007). The experimental set-up and test 
methodology, the finite element modelling, material parameters, initial and boundary conditions, 
and the validation process are described below.  
4.3.1 Description of the laboratory experiment on bentonite buffer 
The laboratory test was conducted by subjecting a wet bentonite buffer clay to a thermal load. 
The bentonite was compacted to an initial dry density of 1.63 Mg/m3, with an initial water content 
of 19% and a degree of saturation of 85%. The compacted sample had a height of 100 mm and a 
diameter of 100 mm respectively. The bottom end of the sample was subjected to a constant 
temperature of 85°C and the top end was subjected to a temperature of 25°C. The applied thermal 
load resulted in a thermal gradient of 0.6°C/mm along the sample length during the duration of 
the test i.e. 15 days. The details of the test are given in Singh (2007) and the test schematic is 
shown in Figure 4.3. 
4.3.2 Finite element modelling of the experiment on bentonite clay 
This section describes the development of the numerical model to simulate the laboratory 
experiment including the meshing process and the elements sizes used to discretise the model.  
4.3.2.1    Numerical simulation of laboratory experiment conducted by Singh (2007)  
A 2-dimensional axisymmetric model, with a 50 mm radius and a height of 100 mm, was created 
to reproduce the lab experiment conducted on an unsaturated bentonite clay by Singh (2007).  
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It should be noted that only half of the geometry was created for numerical simulations i.e. half 
of the diameter. This allows an axisymmetric analysis to be carried out due to the symmetry of 
the set-up.  
 
Figure 4.3  Laboratory test schematic on unsaturated bentonite clay reported by Singh (2007) 
 
Figure 4.4  The geometry of the numerical model to simulate the lab test reported by Singh (2007) 
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4.3.2.1.1    Mesh description 
The geometry of the numerical model was discretized into 200 equally sized four noded 
quadrilateral elements, each with a size of 5 mm by 5 mm. The model with the discretised mesh 
is shown in Figure 4.4. 
4.3.3 Material properties and boundary conditions 
The properties of the material and boundary conditions used for the validation exercise are 
described below.  
4.3.3.1   Properties of the bentonite clay  
The properties of the bentonite clay used were adopted from the work of  Singh (2007). Properties 
such as thermal conductivity, specific heat capacity, unsaturated and saturated hydraulic 
conductivity of the bentonite are given in Table 4.5. In addition, the fitting technique has been 
used to establish the full range of the soil suction i.e. from 0% Sl to 100% Sl. The symbols φ, ε 
and ϕ are constant fitting parameters, θl is the volumetric liquid water content, θlr and θls are the 
residual and saturated volumetric liquid water content, respectively, and S is the matric suction.  
4.3.3.2   Initial conditions 
The initial conditions used in the analysis correspond to those reported by Singh (2007). The 
initial temperature (T) of 298 K (25°C) and the degree of saturation (Sl) value of 60% were used. 
This correlates with the value measured during the laboratory experiment. The initial suction of 
the material was determined based on the initial Sl value using the van Genuchten (1980) model. 
 
. 
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Table 4.5 Material parameters 
Parameter Bentonite Clay 
Hydraulic parameters 
Saturated hydraulic conductivity, ksat (m.s
-1) 1.25x10 -13  
Unsaturated hydraulic conductivity (m.s-1) Kl = (Sl)
δ ksat 
where δ=3 
Degree of saturation (%) 60 
van Genuchten (1980) fitting parameters: 
      
𝜃𝑙 − 𝜃𝑙𝑟
𝜃𝑙𝑠 − 𝜃𝑙𝑟
=  [
1
1+ (𝜑𝑆)𝜀
]
𝜙
 
      𝜙 = 1 −
1
𝜀
 
φ =0.00075, 
ε =1.9,  ϕ =0.474, 
θlr =0.0001 
θls = n = 0.43 
Thermal parameters 
Thermal conductivity (W. m-1 K-1) λT= f (Sl) 
Specific heat capacity (J. kg-1 K-1) 800 
Vapour specific heat capacity (J.kg-1 K-1) 1870 
Specific heat capacity of water (J. kg-1 K-1) 4200 
Other parameters 
Density  (kg. m
-3) 1968 
Density of water  (kg.m
-3) 1000 
Porosity 0.43 
Latent heat of vaporisation (J.kg-1) 2400000 
Henry's volumetric coefficient of solubility 0.02 
Specific gas constant 287.1 
Pore water pressure (MPa) -18.4 
Specific gravity  2.80 
 4.3.3.3     Boundary conditions 
A constant temperature of 358 K (85°C) was applied at the bottom end of the model, while the 
top end was maintained at 298 K (25°C) i.e. the initial temperature of the sample. This resulted 
in a gradient of temperature of 0.6°C/mm along the height of the sample.   
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In addition, all the four sides of the model were assumed to be insulated and impermeable, i.e. a 
zero heat flux and zero hydraulic boundary conditions were applied on all the vertical surfaces. 
4.3.4 Numerical simulations, and validation and results discussions 
The numerical simulations carried out to reproduce the experimental test of Singh (2007) is 
presented in this section. In addition, the validation exercise compares and discusses the results 
reported by Singh and that obtained using numerical model. 
4.3.4.1     Numerical simulations 
A transient thermo-hydraulic analysis was carried out, by applying a continuous thermal gradient 
of 358 K and 298 K at the bottom and top of the model respectively, for 15 days. A time step of 
3600 seconds was found to satisfactorily yield converged results. The results of the numerical 
simulation, of the temperature and Sl, are compared with the experimental results. 
4.3.4.2     Validation  
The validation exercise involving the comparison of the results of the numerical simulation and 
the experimental investigation carried out on unsaturated bentonite is presented and discussed 
below. 
4.3.4.2.1      Validation and discussion for the lab test on bentonite clay 
The experimental results reported by Singh (2007), compared with that obtained from numerical 
simulations, for 15 days of continuous heating process is presented in Figure 4.5. It can be 
observed that the numerical model was able to accurately capture and reproduce the results of 
the temperature dissipation with distance. 
In addition, the figure also presents the results of the degree of saturation obtained 
experimentally, and compared with that of numerical model, for 15 days of continuous heating. 
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It can be seen that the result obtained using numerical model follow the same trend as the 
experimental results, especially near the heating source. However, at the farthest distance from 
the heating end, numerical result indicated higher moisture accumulation. Nonetheless, the 
difference between the two results could be attributed to error measurement in the experimental 
results, as reported by Singh (2007). 
 
Figure 4.5 Comparison of the results of the lab experiment of Singh (2007) and numerical model 
4.3.5 Summary for the validation on bentonite clay 
The numerical validation process against the experimental test reported by Singh (2007) has been 
discussed in this section i.e. Section 4.3. The section reports an experimental test conducted on 
bentonite clay subjected to 358 K at its bottom end and 298 K at its top end. The result of the test 
experiment and that modelled in COMPASS were compared and discussed.  
Following the validation procedure, further numerical analyses on the response of unsaturated 
soils to heating of geothermal energy pile were carried out and reported in Chapter 7. The 
investigations were carried out on sand, silt and clay soils.  
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4.4 Numerical simulation and validation of the laboratory test on 
Leighton Buzzard sand   
This section presents the numerical simulations and validation process for the thermo-hydraulic 
test carried out on Leighton Buzzard sand described in Chapter 3. Firstly, the section describes 
the process of developing the numerical simulation and also highlighting the assumptions made 
during the simulations process. In addition, the validation was carried out by comparing the 
results from the laboratory experiment and that from the numerical analyses.  
4.4.1 Overview of the laboratory experiment on Leighton Buzzard sand  
The laboratory experiment used for the validation of the numerical model developed in this 
section has been described in Chapter 3 of this report. The experiment involves the cyclic heating 
and cooling energy pile cross-section embedded in Leighton Buzzard sand having different 
degree of saturation. Three saturation conditions were considered: fully dry and three sets of 
unsaturated conditions.  
The first three tests were carried out by subjecting the energy pile cross-section to heating load 
for 6 days and switching off the heater and water circulation pumps for two days subsequently 
after the heating test. The period of 2 days in which heat was not applied on to the pile cross-
section and the surrounding soil is termed as recovery phase of the test. This allows the 
investigation into how the soil and the pile naturally recover after the heating and/or cooling test. 
Thus the total duration of the heating test was 8 days (6 days heating period plus 2 days recovery 
period).  
Additionally, a cooling test was carried out right after the heating test phase. The cooling test 
was also carried out for 6 days followed by 2 days of the recovery phase. The sequence of the 
different tests carried out is given in Table 4.6.  
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However, in this section, the numerical validation process was carried out for tests number 1 and 
2 specified in Table 4.6 i.e. test-1 being a fully dry soil condition and test-2 an unsaturated soil 
condition. Also, it should be noted that only the heating phase of the two tests are modelled and 
simulated. Thus, these sets of tests were deemed sufficient to validate the numerical model. 
Consequently, the parameters used for the validation process were adopted and used for further 
numerical studies in Chapter 8.  
Table 4.6 Sequence and details for the laboratory experiment on Leighton Buzzard sand  
 
 
Test 
No. 
Thermal test duration (days)  
Soil saturation 
condition 
Heating test 
(35°C & 30°C) 
Cooling test 
(15°C & 19°C) 
 
Total 
duration 
Heating 
phase 
Recovery 
phase 
Cooling 
phase 
Recovery 
phase 
1 6 2 7 2 17 Fully dry 
2 7 2 7 2 18 Unsaturated 
3 6 2 6 2 16 Unsaturated 
4 30 – – – 30 Saturated to 
Unsaturated 
4.4.2 Finite element modelling 
The numerical simulation used for the sake of the validation in this section was developed based 
on the laboratory tests set-up described in Chapter 3. The schematics of the lab set-up is shown 
in Figure 3.1.  
Also, it is to be noted that some assumptions were made during the simulations process which 
are as follows: 
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 The 3D geometry of the tests set-up was reduced to 2D, i.e. only the 2D planar section of 
the set-up was modelled. This is to simplify the modelling process and to reduce the number 
of elements needed for the model discretization.  
 Also, an assumption was made that the heat flow in soils occurs predominantly in the 
direction of the plane in which the heat is applied. Thus, in GEPs, heat flow majorly occurs 
in the radial direction from the GEP. Hence, the axial heat flow is neglected. This is shown 
to be true in a study reported by Singh et al. (2015) where they reported that the heat flow 
in GEPs occurs radially from the pile.   
 Similarly, the heat transfer due to the fluid circulation process was not modelled in order 
to further simplify the modelling process and minimise the amount of data generated during 
the simulation phase. The heat transfer via the fluid can be easily calculated via the use of 
Equation 4.2. 
 Additionally, the time required to carry out a numerical simulation of a 3D model is an 
onerous and tedious process. Thus, to avoid larger computational time as a result of the 
number of simulations that are required to be performed, the 2D geometries were chosen 
and used for the validation process and for further studies in Chapter 8.  
4.4.2.1  Numerical model development  
The numerical model developed represents the planar section of the laboratory experiment. The 
numerical model comprises a 2-dimensional geometry of an energy pile having a diameter of 150 
mm with 2-U energy loops installed i.e. with 2 inlets and 2 outlets. The energy loops were made 
from polyvinyl chloride (PVC) plastic with an internal and an external diameter of 9.5 and 17.1 
mm respectively. The PVC pipes had an appropriate wall thickness of 3.8 mm. A concrete cover 
of 12.5 mm was maintained between the pipes and the perimeter of the pile. The whole set-up 
represents a full-scale energy pile having a 600 mm diameter incorporated with 2-U loops. 
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However, the full-scale geometry was rescaled down to one-quarter (1/4) in the laboratory in 
order to facilitate the ease of handling the test set-up and carrying out the tests.  
In addition, the soil domain surrounding the pile spans out to a radial distance of 600 mm from 
the axis of the pile. This was large enough to ensure that thermal processes in the GEP and around 
it are fully implemented without any interaction from the boundary effects. The numerical model 
developed and its mesh is shown in Figure 4.6. 
 
Figure 4.6 The geometry of the GEP embedded in Leighton Buzzard sand 
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4.4.2.1.1  Numerical model mesh description 
The meshing process was carried out by defining coarser mesh at the perimeter of the soil domain 
which decreases in size towards the axis of the GEP. The soil domain was discretized by 
assigning triangular elements having sizes of 50 mm at the perimeter of the soil region. The 
elements sizes decrease to 10 mm at the pile surface. Equally, the surface of the concrete pile 
was discretized using triangular elements having uniform sizes of 5 mm. In addition, the surfaces 
of the PVC pipes were discretised using triangular elements with sizes of 2 mm. These mesh 
sizes were achieved after carrying out myriads of trials using different elements sizes. The chosen 
meshes were found to offer promising results when compared with the results of the lab 
experiment. In total, the numerical model had 3276 triangular 4-noded elements.  
4.4.3 Material properties and boundary conditions 
The material properties characterising the Leighton Buzzard sand and the energy pile cross-
section were measured at the Surrey Advanced Geotechnical Engineering (SAGE) laboratory. 
The properties measured include the thermal, hydraulic and other characterisation tests required 
in successfully conducting the required numerical analyses. The details of the different tests 
conducted are presented in chapter 3. Additionally, the properties of the PVC pipe was adopted 
from literature (DirectPlastics, 2008). 
4.4.3.1  Material properties  
The materials used for numerical modelling in this section are measured in the laboratory and 
are reported in Table 4.7. In addition, the fitting technique has been used to establish the full 
range of the soil suction i.e. from 0% Sl to 100% Sl. The symbols φ, ε and ϕ are the constant fitting 
parameters, θl is the volumetric liquid water content, θlr and θls are the residual and saturated 
volumetric liquid water content, respectively, and S is the matric suction given in Table 4.7.  
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Table 4.7 Material parameters for the lab test on Leighton Buzzard sand 
Parameter Leighton Buzzard 
sand 
Concrete PVC pipe 
Hydraulic parameters 
Saturated hydraulic conductivity, ksat (m.s
-1) 1.3x10 -3 – – 
Degree of saturation, Sl (%) 100 – – 
van Genuchten (1980) fitting parameters: 
 
      
𝜃𝑙 − 𝜃𝑙𝑟
𝜃𝑙𝑠 − 𝜃𝑙𝑟
=  [
1
1+ (𝜑𝑆)𝜀
]
𝜙
 
        𝜙 = 1 −
1
𝜀
 
φ =0.645, 
ε =5.905,   
ϕ =0.831, 
θlr =0.0074, 
θls = n = 0.356 
  
 
Thermal parameters 
Thermal conductivity, λ (W. m-1 K-1) 1.5 1.62 0.27 
Specific heat capacity, Cp (J. kg
-1 K-1) 1820 1050 1465 
  
Other parameters 
Density, ρd (kg. m-3) 1968 2210 1100 
Porosity, n 0.356 0.1 – 
Latent heat of vaporisation, L (J. kg-1) 2400000 
Henry's volumetric coefficient of solubility, Hs 0.02 
Specific gas constant 287.1 
 4.4.3.2  Initial conditions 
The initial conditions assumed in the model corresponds to the values measured in the lab. The 
initial temperature of the concrete GEP, the PVC pipes and the surrounding Leighton Buzzard 
sand were measured to be around 22.0°C. Furthermore, the initial degree of saturation of the 
Leighton Buzzard sand varies from fully dry sand (Sl ≈ 0%) to unsaturated sand (Sl = 0.6).  
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4.4.3.3  Boundary conditions 
A constant temperature of 308.15 K (35°C) and 303.15 K (30°C) were applied to the internal 
surface of the inlet and outlet leg of the PVC pipes, respectively. This GSHP system mode of 
operation represents the process of heat injection into the soil i.e. summer mode to provide space 
cooling. The same temperature conditions were applied, to the inlet and outlet pipes, during the 
analyses for the dry and unsaturated conditions.  
In addition, the results of the temperature measured at point G, i.e. 600 mm from the axis of the 
pile, was adopted and applied at the external far field boundary of the numerical model. 
Negligible temperature changes were observed at the far field boundary due to the ambient 
temperature effect. 
4.4.4 Numerical simulations, and validation and results discussions 
This section discusses the numerical simulation and validation exercise for the laboratory 
experiment conducted on dry and unsaturated Leighton Buzzard sand.  
4.4.4.1    Numerical simulations 
Numerical simulations of the heating tests of the laboratory experiment on Leighton Buzzard 
sand were carried out and the results compared with that from the lab experiment. The simulation 
was carried out by applying the initial and boundary conditions described in Sections 4.4.3.2 and 
4.4.3.3. The numerical simulation was conducted for a duration of 6 days of the continuous heat 
injection process. This is a representative of the summer mode where the heat from inside the 
building is removed and injected into the ground in order to achieve space cooling.  
The simulations of the cooling phase and recovery phases were not carried out. This is due to the 
reason that the heating tests are sufficient for the validation process.  
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4.4.4.2    Validation  
Two sets of validation exercises were carried out on dry and unsaturated Leighton Buzzard sand 
in this section, and they are described below. 
4.4.4.2.1  Validation and results discussion for the test on dry sand  
The results of temperature evolution with time for the heat injection test is shown in Figure 4.7. 
The figure compares the results obtained using numerical model and that from the lab experiment 
conducted on dry Leighton Buzzard sand. The temperature results were obtained at points A, C, 
D, F, G and H as shown in Figure 3.1. In addition, the variation in ambient temperature versus 
time was also plotted on the graph.  
 
Figure 4.7 Comparison of the results of the experimental and numerical investigations for the dry 
sand  
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From the plotted results, it can be seen that the results obtained using numerical model are in 
very good agreement with that observed during the lab experiment. 
4.4.4.2.2 Validation and results discussion for the test on unsaturated sand  
The results of temperature evolution with time for the validation exercise on unsaturated 
Leighton Buzzard sand are shown in Figure 4.8. It can be seen that numerical model was able to 
replicate the results of the lab especially considering the time-dependent temperature change at 
the centre of the concrete, i.e. point C, where a temperature of about 29°C was observed during 
the heating test after reaching steady state. Furthermore, results obtained at points A, D, F, G, 
and H showed good agreement between the two results of the numerical simulations and the lab 
test. However, some minor discrepancies can be seen from the figure. This could be attributed to 
the heat losses from the top of the lab set-up which was not taken into account in the numerical 
simulations. Nonetheless, the temperature trends at all the points determined using the numerical 
model agree with that measured during the lab experiment.  
In addition, the results of the relative humidity (h) measured during the lab test and the degree of 
saturation (Sl) obtained using numerical model are compared and shown in Figure 4.9. The result 
was obtained at point D as shown in Figure 3.1. Also, it should be pointed out that sensors were 
installed at points F and G. However, problems were encountered with the relative humidity 
sensors at points F and G.  
Furthermore, the results of the relative humidity and Sl of the soil are compared, because they 
relate the percentage of soil moisture present in the soil voids, and are shown in Figure 4.9. It 
can be observed that the trend of the two results agrees with each other. Also, the result of the h 
slightly varies with time. This could be as a result of the ambient temperature influence which 
was captured in the temperature results shown in Figure 4.8 for point D. 
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Figure 4.8 Comparison of the results of the experimental and numerical investigations for the 
unsaturated sand 
 
Figure 4.9 Comparison of the results of the degree of saturation for the experimental and 
numerical model 
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4.4.5 Summary for the validation on Leighton Buzzard sand  
The numerical validation exercise against an experimental test on dry and unsaturated Leighton 
Buzzard sand have been reported and discussed in Section 4.4 of this report. Following the 
validation process, an extensive long term numerical investigation was carried on Leighton 
Buzzard sand having different Sl conditions. The full details of the numerical studies can be found 
in Chapter 8 of this thesis.   
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4.5 Conclusions 
This chapter has presented the different numerical validation exercises carried out using 
analytical and experimental tests.  
Firstly, the validation conducted for the pile-only and pile-ground problems are discussed. The 
validations were carried out by comparing the results obtained from the numerical models with 
the results of the analytical equations.  
Secondly, the experimental results reported by Singh (2007) were numerically simulated The test 
was conducted by heating an unsaturated bentonite clay and the details of the test were presented. 
Similarly, the description of the numerical simulations and validation process were reported. 
Lastly, the validation exercise carried out against a laboratory experiment on Leighton Buzzard 
sand from this study were discussed including the heating tests carried out on the dry and 
unsaturated sand. Furthermore, the finite element modelling and simulation of the tests were 
carried out and the results were compared with the results of the laboratory tests. The two results 
were found to be in agreement, and were presented and discussed. 
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Chapter 5 
Numerical investigation of the heat flow behaviour in an energy pile 
5.1 Introduction 
This chapter presents the results of a series of numerical studies carried out to investigate the 
thermal interaction and heat flow behaviour within an energy pile. The chapter utilises finite 
element modelling to study the effect of different factors including thermal conductivity, 
specific heat capacity, number and location of HDPE pipes, on the thermal interaction within an 
energy pile. The numerical simulations were carried out for 6 months of continuous heat 
injection process.  
Section 5.2 describes the background of the study. Specifically, it gives an overview of a GEP 
and the main reasons that led to the choice of the aim in this chapter. Section 5.3 presents the 
finite element modelling process. In this section, the initial and boundary conditions, and the 
materials properties applied on the different models are described. 
Furthermore, Section 5.4 discusses the numerical simulations carried out using COMPASS 
investigating the thermal interaction in an energy pile. The numerical studies focusses on 
investigating the effect of thermal conductivity, specific heat capacity, number and location of 
HDPE loops, on the thermal interaction in an energy pile. Lastly, Section 5.5 presents and 
discusses the results from the numerical simulations and Section 5.6 summarises the conclusion.    
5.2 Background 
The process of HCF circulation in the HDPE pipes, installed in a GEP (shown in Figure 2.1) 
during heat injection and extraction, results in a continuous exchange of heat between the GEP 
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and its surrounding soil. The heat transfer within the soil domain is regarded as a transient 
phenomenon, due to its semi-infinite nature and its thermal capacity. Whereas, within the GEP 
unit, a steady state approach is often assumed, with uniform radial and circumferential 
temperature distribution, due to the finite dimension of the GEP. However, numerous studies 
have shown that the distribution of the radial and circumferential temperature in a GEP are not 
uniform (Loveridge and Powrie, 2014 and Sani et al., 2019), as a result of factors such as HDPE 
pipes configuration, number of loops and their location (Hamada et al., 2007; Gao et al., 2008a 
& 2008b; Jalaluddin et al., 2011; Park et al., 2013; Zarrella et al., 2013a & 2013b; Batini et al., 
2015 and Mehrizi et al., 2016). Nonetheless, they are found to offer positive significance 
towards heat transfer if appropriate number are installed and suitably placed within the GEP. 
In addition, numerous studies were carried out on improving the heat transfer of the GEP by 
adding additives to the concrete mix to increase its thermal conductivity (Lie and Kodur, 1996; 
Remund, 1999; Xu and Chung, 2000a & 2000b; Guo et al., 2010; Minto et al., 2016). Although 
this has its positive significance, however, the structural integrity of the GEP should not be 
overlooked. Because a very high thermal conductivity would mean lower thermal resistance and 
may result in increased heat flow between the inlet and outlet leg(s) of the HDPE loop(s) within 
the GEP which is also known as pipe-pipe thermal interaction. This would affect the 
performance of the system, especially in a smaller diameter GEP element with higher number 
of installed loops closely situated to each other. This is especially common in CFA piles, where 
the shank spacing between the inlet and outlet loops leg is negligible or non-existent (Sani et al. 
2018a and 2018b). In order to fully understand this phenomena of thermal interaction, it is good 
to understand the heat flow behaviour in a GEP. 
Thus, the heat flow (qp) within a GEP is governed by the temperature gradient and the thermal 
resistance property of the GEP material and is mathematically shown in Equation 5.1.  
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 RGEP = ΔT/qp        (5.1) 
where ΔT is the temperature difference between the HCF and the surface of the GEP. RGEP is 
the thermal resistance. 
The thermal resistance of a GEP element (RGEP) is determined in a similar way to that of a 
borehole (Rb), however, the latter are non-mechanical load resisting elements and possesses 
greater length to diameter ratio compared to GEPs. 
Owing to the smaller diameter in boreholes, heat transfer in the axial direction could potentially 
be significant and can be accounted for by using either effective mean fluid temperature or using 
effective borehole thermal resistance (𝑅𝑏
∗). Various analytical approaches to estimate 𝑅𝑏
∗ , to 
account for the radial heat flow and the axial heat transfer that occurs between the inlet and 
outlet loops, have been proposed by Zeng et al. (2002), Diao et al. (2004), Lamarche et al. 
(2010) and Claesson and Hellström (2011). The complexity of these analytical models varies as 
the number of incorporated loops increases. Thus, making them time consuming and 
cumbersome to be accounted for during the design process. Javed and Spitler (2016) showed 
that 𝑅𝑏
∗  is largely dependent on the borehole length, because it increases with the increase in 
depth and decrease in the HCF flowrate. 
Similarly, Javed and Spitler (2016) studied the effect of varying the borehole depth and the HCF 
flowrate on the effective borehole thermal resistance. They showed that Rb and 𝑅𝑏
∗  are equal for 
a 50 m deep borehole. Whereas for a borehole with a depth up to 100 m, 𝑅𝑏
∗  was found to be 4% 
higher than Rb. Also, they showed that for a 200 m deep borehole with variable HCF flowrates, 
𝑅𝑏
∗was found to be 12% and 43% higher than Rb at 2 m
3/hr and 1 m3/hr. Moreover, as the 
flowrates decreases from 0.6 m3/hr to laminar flow i.e. flowrates lower than 0.2 m3/hr, the 
discrepancy between 𝑅𝑏
∗  and Rb increases from 100% to over 500 times that of Rb values.  
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These thermal interaction are only prone to borehole heat exchangers. However, in a GEP 
element, the heat flow is assumed to occur mainly in the radial direction. This assumption is 
reasonable and is justified based on the findings of Singh et al.  (2015a and b). They showed 
that the heat transfer in a GEP element predominantly occurs in the radial plane. This also agrees 
with some of the findings of this study where the results of the laboratory test on a GEP cross-
section indicated that the heat flow pattern in energy piles occurs majorly in the radial axis. The 
details of the test conducted and the results are given in Chapter 6.  
Thus, this chapter utilises numerical approach to investigate the thermal interaction 
characteristics due to the radial heat flow behaviour within a GEP using finite element method 
(FEM). In addition, the influence of factors such as number of pipes, pipe location, thermal 
conductivity and specific heat capacity on the thermal interaction within the GEP are 
investigated. 
5.3 Finite element modelling 
In this particular chapter, only the thermal capability of the numerical code was used. Thus, the 
code computes the thermal problem by solving the governing equations of heat transfer due to 
temperature gradient (𝛻𝑇). The equation for heat transfer through soil media is computed 
numerically by the utilisation of the finite element approach to achieve spatial discretisation, 
whereas the temporal discretisation of the solution is calculated numerically via finite difference 
method (Vardon, 2009). 
5.3.1 Soil heat transfer mechanism 
The most dominant heat transfer mechanism in soils is conduction, which depends on soil 
porosity and water content. On the other hand, the effect of radiation is usually negligible. 
Farouki (1981) reported that radiation effect could result in an increase in heat transfer by up to 
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10% in gravels with a particle size of 20 mm, in comparison to that in sand which is less than 
1%. 
The law of conservation of energy governing heat flow dictates that the temporal derivative of 
the heat content (𝐻𝑐) is equal to the spatial derivative of the heat flux (Q), mathematically 
expressed as:  
 
𝜕 ( 𝐻𝑐𝜕𝑉 )
𝜕𝑡
= −∇Q (𝜕𝑉)       (5.2) 
 𝑄 =  − 𝜆𝑠∇𝑇        (5.3) 
Where ∂t is change in time, ∂V is the change in volume, 𝜆𝑠 is the soil thermal conductivity, 𝛻𝑇 
is the temperature gradient. 
5.3.2 Model description 
A pseudo two-dimensional geometry of a single GEP shown in Figure 5.1 was set up in 
COMPASS. The model comprises a pile cross-section with a diameter of 600 mm and two pipes 
installed to represent the inlet and outlet legs of a single U-loop. The modelled pipes have an 
outer and an inner diameter of 32 and 28 mm respectively. They are installed at the edge of the 
GEP, with a concrete cover (cc) of 50 mm from the pile outer surface. The inlet and outlet legs 
are separated by a shank spacing (Sh) of 436 mm from the pipe-pipe surface. The details of the 
numerical model and its mesh description are given in Section 4.2.  
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Figure 5.1 Pile-ground model geometry 
In addition to the two pipes accounted for in the pile-ground model shown in Figure 5.1, other 
models were created to represent the cases with higher number of loops incorporated in the 
energy pile cross–section. Figures 5.2a–c show the geometry of a typical rotary bored pile with 
2, 3 and 4 loops installed respectively.  
 
Figure 5.2 Typical geometry of a rotary bored GEP with (a) 2-loops, (b) 3-loops and (c) 4-loops 
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Furthermore, Figures 5.3a and b illustrate respectively the GEP geometry with 1–loop and 2–
loops attached to a central steel bar installed at the centre of the pile, which is a typical case in 
CFA piles. The central steel diameter of 40 mm was chosen for the two models to realistically 
model what is commonly used in the industry as reported in Loveridge and Cecinato (2015). 
 
Figure 5.3 Typical geometry of a CFA pile, with (a) 1–loop and (b) 2–loops attached to a central 
steel. 
5.3.3 Initial conditions  
The initial conditions assumed in the models correspond to the typical values of a GEP 
embedded in London clay. The initial temperature of the concrete GEP, the HDPE pipes and the 
surrounding London clay was assumed to be around 13.4°C. This agrees with the all-year-round 
constant ground temperature value measured at East London and reported by Loveridge et al. 
(2013) during a thermal response test on a vertical borehole. Similarly, the soil was assumed to 
be fully saturated, i.e. with an initial degree of saturation of 100%, as reported by  Loveridge et 
al. (2013). Additionally, the effect of the interaction between the atmospheric air and the pile 
was neglected. This is because piles and their surrounding soil are generally covered by 
buildings and are not exposed to the atmosphere. 
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5.3.4 Boundary conditions  
The boundary conditions applied to the inlet and outlet pipes were selected based on the 
datasheet of GSHP system specification obtained from Kensa heat pumps, UK and Water 
Furnace international heat pump manufacturers (Heat, 2016 and waterfurnace, 2016). 
A constant temperature of 308.15 K (35°C) and 303.15 K (30°C) were applied to the internal 
surface of the inlet and outlet leg of the HDPE pipes respectively. This GEP system mode of 
operation represents the process of heat injection into the soil or summer mode to provide space 
cooling to buildings.  
In addition, a fixed temperature condition of 286.55 K (13.4°C) was applied at the outer surface 
of the soil domain (i.e. at 5 m radial distance from the centre of GEP. This is to allow all the 
temperature changes to be fully developed within the soil domain and also to ensure that there 
is no thermal interference from the boundary effects. 
5.3.5 Material properties  
This section describes the properties of the materials that were adopted from the literature and 
used for analyses. The material properties, initial and boundary conditions were obtained from 
the following researchers: (Midttømme, 1998; Metals, 2005; Amis et al., 2008; DirectPlastics, 
2008; Gao et al., 2008a & 2008b; Hepburn, 2013; Loveridge et al., 2013; Cecinato and 
Loveridge, 2015; Low et al., 2015). 
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Table 5. 1 Material parameters 
Parameter London 
Clay 
Concrete HDPE 
Pipe 
Steel Plastic 
bar 
Hydraulic parameters 
Saturated hydraulic conductivity, ksat (m.s
-1) 5.8x10 -11 – – – - 
Degree of saturation, (%) 100 – – – - 
      
Thermal parameters 
Thermal conductivity, λ (W. m-1 K-1) 1.5 1.5 0.385 43 0.36 
Specific heat capacity, Cp (J. kg
-1 K-1) 1820 1050 1465 473 1500 
      
Other parameters 
Density, ρd (kg. m-3) 1968 2210 1100 7801 1150 
Porosity, n 0.37 0.1 – –  
Latent heat of vaporisation, L (J. kg-1) 2400000 
Henry's volumetric coefficient of solubility, 
Hs 
0.02 
Specific gas constant 287.1 
5.4 Numerical Simulations   
This section presents the detailed description of the different simulations conducted in this 
chapter to investigate the pipe-pipe thermal interaction and how it varies with number of loops, 
thermal conductivity, specific heat capacity and loops location.  
The numerical simulations were carried out for the duration of 6 months of continuous heat 
injection process. This is to represent a case where the GEP system was installed in an equal 
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space cooling (heat injection to the ground) and heating (ground heat extraction) dominated 
climate. However, this study is limited to the ground heat injection process, i.e. the ground heat 
extraction was not investigated. This ensures the decoupling of the thermal cyclic loading 
process, and allows for rigorous investigation of the pipe-pipe thermal interaction characteristics 
in a GEP, with a focus on factors that could significantly influence it.  
5.4.1 Investigating the Effect of pipe–pipe heat flow 
Heat flow characteristics that occur between the inlet and outlet leg of a HDPE loop incorporated 
into a GEP were investigated. The transient thermal analysis was carried out for 6 months (180 
days) of continuous heat injection process. In order to gain an appreciable understanding into 
the pipe–pipe thermal interaction between the inlet and outlet leg of the loop, the pile-ground 
model with a single U–loop was utilised for the analysis. The temperature distribution between 
the inlet and outlet leg of the loop and how it varies with time were studied.  
Furthermore, to investigate the effect of the difference in temperature between the inlet and 
outlet leg of the U-loop, on pipe-pipe heat interaction, two sets of analyses were conducted. The 
first analysis involved maintaining a temperature difference of 5°C between the pipes during the 
analysis i.e. an outlet and an inlet temperature of 30 and 35°C, respectively. However, in the 
second analysis, the temperature at the outlet leg of the loop was maintained at 30oC while that 
at the inlet leg was increased to 45°C. Therefore, in the second analysis, a temperature difference 
of 15°C was imposed between the inlet and outlet leg of the loop. To study the results of the two 
distinct simulations, the result of temperature evolution at some specific points (i.e. points A, B, 
C, D, E and F) within and at the circumference of the GEP were obtained and studied. The points 
are schematically shown in Figure 5.4. 
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Figure 5.4 Typical cross–section of a GEP with a single U-loop showing points A, B, C, D, E 
and F 
5.4.2 Effect number of installed loops 
Different sets of numerical simulations were conducted to investigate the effect of number of 
installed loops on pipe–pipe thermal interaction within a GEP. The main rationale behind this 
investigation is based on the conventional understanding that incorporating higher number of 
loops into the GEP, allow greater amount of energy exchange with the ground, owing to higher 
contact surface area of the pipes.  
However, despite its appeal, incorporating additional number of loops could potentially result 
in higher thermal interaction between the different legs of the installed loops, especially when 
the loops are closely located to each other, as reported by Cecinato and Loveridge (2015). This 
effect was investigated by running a numerical simulation for 6 months of continuous heating, 
using the different models shown in Figures 5.1 & 5.2a–c respectively. The results were obtained 
in the form of temperature evolution at points A–F as shown in Figure 5.4. Also, the temperature 
distribution at the pile surface and how it varies depending on the number of loops are presented 
and discussed. 
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5.4.3 Effect of thermal conductivity variation 
The variation in the thermal conductivity of the concrete GEP and its surrounding soil could 
have a significant implication on the pipe–pipe thermal interaction that could occur in a 
conventional GEP. The effect was studied by considering three different possible scenarios that 
could occur with regards to a GEP. Firstly, a situation where the thermal conductivity of the 
concrete GEP and the soil are equal. Secondly, a case where the soil thermal conductivity is 
higher than that of the concrete GEP, and thirdly a situation where the concrete conductivity is 
higher than that of soil. The detailed ratio of the ground to soil thermal conductivity used are 
shown in Table 5.2.  
Table 5.2 Possible cases of thermal conductivity 
Possible scenarios Thermal conductivity ratio (λc : λs) 
λc = λs 1:1 
λc = 0.5 λs 1:2 
0.5 λc = λs 2:1 
The numerical investigations were conducted for 6 months of continuous heating, using the 
model shown in Figure 5.1. The results were obtained at points A, B and C. 
5.4.4 Effect of specific heat capacity (Cp) 
This section describes the numerical investigations conducted to study the effect of specific heat 
capacity of the GEP (Cpc) and surrounding soil (Cps), on the pipe–pipe thermal interaction. 
Different values of the Cpc and Cps were obtained from the literature and were used in carrying 
out this investigation. In total, four different cases were studied, Case 1-4. The different cases 
with the respective values of the Cp considered for the GEP and the soil are given in Table 5.3.  
The numerical analyses were carried out using the model with a single loop shown in Figure 
5.1, by subjecting the GEP and its surrounding soil to a continuous heating for 6 months. The 
results are reported and discussed in Section 5.5.  
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Table 5.3 Values of Specific heat capacities of soil and the concrete GEP (Cecinato and 
Loveridge, 2015; IES, 2017).  
Cases Cpc (J kg-1 K-1) Cps (J kg-1 K-1) 
1 880 1820 
2 880 1000 
3 1000 1000 
4 1000 1820 
5.4.5 Effect of pipe location 
The location where the loop(s) are installed within the GEP could have a significant implication 
towards pipe–pipe thermal interaction. In the case of rotary bored GEPs, i.e. where the steel 
reinforcement is installed prior to the concreting process, the HDPE loop(s) could be attached 
to the cage. Thus, allowing for greater shank spacing to be achieved. In the case of CFA piles, 
the loops are bunched together and installed at the centre of the GEP after concreting but prior 
to the start of the concrete setting and hardening process.  
In addition, it is anticipated that greater magnitude of pipe–pipe thermal interaction in the CFA 
GEP would occur due to its smaller shank spacing as compared to that in rotary bored GEPs. 
However, it is also expected that rotary bored GEPs could potentially experience thermal 
interaction, but at a lower magnitude than that of CFA, once the heat injection/extraction process 
approaches a steady state. 
To investigate this effect, in both rotary bored and CFA GEPs, the numerical models shown in 
Figures 5.1 and 5.3 were used. The transient numerical simulations were carried out for 6 months 
of continuous heat injection process. Furthermore, in order to investigate the effect of increase 
in number of installed loops on the pipe–pipe thermal interaction, for the two different GEP 
types, more numerical simulations were conducted. The models shown in Figures 5.1, 5.2, 5.3a 
and b, representing the case of single and double loops, were used for the different numerical 
analyses.  
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The results were obtained in the form of the final temperature distribution observed after the 6 
months of the transient heating analyses, taken at some specific points (i.e. C, G, H and I) within 
the GEP. These points are schematically shown in Figure 5.5. The subscripts “E and C” denote 
the location of the loop i.e. at the edge and the centre of the GEP. 
 
Figure 5.5 Typical GEP cross–section showing points C, G, H and I. 
5.4.6 Effect of Central steel 
In the CFA GEP construction technique, the loops are installed with the help of a central steel 
of adequate stiffness into the fresh concrete. Hence, it is expected that the steel, because of its 
higher thermal properties (outlined in Table 5.1), could greatly contribute to the pipe–pipe 
thermal interaction problem. In order to investigate that, two sets of numerical analyses were 
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conducted for the case where a single loop and double loops are installed. In the first case, the 
properties of the central steel bar are considered and represented in the model. While in the 
second case, the central steel bar was replaced with a plastic bar of adequate strength and poor 
thermal properties than that of steel. The plastic bar was made from Polyamide 66 which had an 
outer diameter of 40 mm (DirectPlastics, 2008). Its thermal properties are also given in Table 
5.1.  
The results were obtained at points C, G and H in the single loop GEP model, whereas, in the 
double loop model, they were obtained at points C, G and I, respectively as shown in Figure 5.5. 
5.5 Results & discussion 
This section reports and discusses the results of the numerical simulations investigating the 
influence of the different factors such as number and location of pipes, thermal conductivity and 
specific heat capacity are reported and discussed. 
5.5.1 Effect of pipe–pipe heat flow 
The results of the radial heat distribution between the inlet and outlet leg of the loop at different 
simulation time, i.e. 100 seconds (initial time-step), 4 hours, 1, 5 30 and 180 days, respectively, 
are shown in Figure 5.6. Regions closer to the pipes witnessed greater temperature change over 
time and the effect diminishes towards the GEP centre where the lowest effect was observed.  
At the start of the test (first 4 hours), no significant thermal exchange was observed, at the centre 
of the heat flow path (point C), between the two pipes. However, at a distance of 100 mm, from 
the faces of inlet and outlet pipes, about a 4 and 3°C increase in temperature above the initial 
state were observed.  
As the test continues, a significant increase in temperature of about 7 and 10°C were observed, 
after 1 and 5 days of operation, respectively, at 100 mm from the surfaces of the inlet and outlet 
Chapter 5 Numerical investigation of the heat flow behaviour in an energy pile 
Page | 191 
loop legs. Whereas, at point C, a lower temperature of about 6 and 9°C were observed, after the 
1 and 5 days operation, respectively. 
 
Figure 5.6  Pipe-pipe heat flow at different simulation time 
Furthermore, the rate of temperature increase reduces after 5 days of simulation as temperature 
at all points approaches steady state (Figure 5.7). Steady state is defined here as when the 
changes in temperature at all points have reached about 98%. After 30 and 180 days of operation, 
a slight increase in temperature of about 2 and 3.5°C (above the values monitored after 5 days) 
was observed, at all the points, along the heat flow path respectively.  
In addition, the contribution of the inlet and outlet loop–leg towards thermal interaction were 
calculated by computing the thermal resistance between the two legs, using the three-resistance 
model (Lamarche et al., 2010). The thermal flux contribution from each leg was obtained as the 
thermal potential divided by the computed resistance (Myers, 1998). It was found that the heat 
flowing from inlet to outlet leg was 4.83 (W/m). Whereas, the outlet loop–leg was calculated to 
be contributing a heat flux of 1.4 (W/m) towards the inlet leg. 
The temperature difference between the inlet and outlet loop–leg have significant impact on the 
thermal interaction characteristics and the time to achieve steady state (Figures 5.7a & b). 
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Increasing the temperature difference from 5 to 15°C, increased the heat flux flow by 0.58 
(W/m). Thus, contributing to a higher heat flow towards the outlet pipe, but at a far lower rate 
considering the large temperature gradient. 
 
Figure 5.7 Temperature evolution (a) at points A, B, and C, (b) at points D, E and F with 35 and 
45°C inlet temperature. 
However, during the initial stages of the simulations, it was observed that heat was flowing from 
the outlet leg towards the inlet loop–leg. But after steady state has been reached, the temperature 
at point C was found to be higher than 30°C (outlet pipe temperature). Hence, no heat was 
flowing from the outlet leg towards the inlet leg after 180 days of operation. 
Additionally, the time to achieve steady state at the points within the GEP increases as the inlet 
and outlet temperature difference increases. It was observed that the time increases from about 
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8 to 15 hours at points A & B, while at point C, it increases from 2 to 3.5 days, respectively. 
However, at the GEP circumference, it increases from about 15 hours to 2 days (at points E & 
F) and from about 4 to 8 days at point D, as the difference in temperature increases respectively. 
5.5.2 Influence of number of installed loops 
The results of the effect of incorporating higher number of loops (1, 2, 3 and 4 loops), on thermal 
interaction and time to achieve steady state, within the GEP are shown in Figures 5.8a-f. The 
thermal interaction between the inlet and outlet pipes could be related to the temperature 
evolution at some points within and at the GEP circumference.  
Inside the GEP (points A, B and C), increasing the number of installed loops from 1–loop to 2–
loops, results in significant increase in temperature by up to 4.5°C after 180 days simulation. 
However, the rate of temperature increase reduces, to 1.2°C and 0.5°C, as the number of 
installed loops increases from 2–loops to 3–loops and from 3–loops to 4–loops, respectively 
(Figure 5.8a-c). Whereas, at the GEP perimeter (points D, E and F), a temperature increase of 
3.9, 1.3 and 2°C were observed as the number of loops increases from 1–loop to 2–loops, 2–
loops to 3–loops, and 3–loops to 4–loops (Figure 5.8d-f).  
Furthermore, the time to achieve steady state condition at all the points considered within and 
at the perimeter of the GEP varies as the number of installed loops increases (Figures 5.8a-f).  
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Figure 5.8 Temperature evolution for 1 loop, 2, 3 and 4 loops at points A, B, C, D, E and F 
The duration decreases from about 5 days to around 3 days, as the number of installed pipes 
increases from 1–loop to 4–loops, for the 600 mm GEP diameter considered. However, the 
duration could differ as the diameter of the GEP increases or decreases (Loveridge and Powrie, 
2014). 
Contrary to the assumptions made in simplistic design of GEPs, and in some approaches of 
computing the GEP thermal resistance, the circumferential temperature is not constant. The 
distribution of temperature along the perimeter of the GEP depends on the location of the pipe 
(either at centre or edge), its function i.e. either inlet or outlet leg, and on the number of installed 
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loops. The distribution of temperature around the GEP circumference, for 1, 2, 3 and 4 number 
of installed loops, is shown in Figure 5.9. Equal values of λc and λs were used for the case 
considered. However, the variation in soil and concrete thermal conductivity could have an 
impact on the magnitude of temperature distribution around the GEP circumference.  
 
Figure 5.9 Temperature distribution around the GEP circumference 
5.5.3 Effect of thermal conductivity variation 
The results of the numerical simulations carried out to investigate the influence of λc and λs 
variation on pipe–pipe thermal interaction are shown in Figure 5.10. This figure shows the 
temperature evolution at points A, B and C within the GEP for different cases of λc and λs. The 
temperature at all the points within the GEP varies as the values of λc and λs differ.  
24
26
28
30
32
0 45 90 135 180 225 270 315 360
T
em
p
er
at
u
re
 (
o
C
)
Angular distance (degrees)
1 loop 2 loops
3 loops 4 loops
Chapter 5 Numerical investigation of the heat flow behaviour in an energy pile 
Page | 196 
 
Figure 5.10 Temperature evolution at points A, B and C for different thermal conductivity cases 
For the scenario where the soil thermal conductivity is higher than that of concrete (λc = 0.5λs), 
the temperature increase at all locations within and around the GEP circumference is minimal, 
and the heat diffuses easily into the surrounding soil. Consequently, resulting in lesser thermal 
interaction between the installed loop(s), and lower magnitude of circumferential temperature 
distribution around the GEP, compared to either of the cases when λc = λs (shown in Figure 5.9) 
or 0.5λc = λs respectively.  
5.5.4 Effect of specific heat capacity (Cp) 
The results of the analyses conducted investigating the influence of Cp on heat built-up within a 
GEP, are reported in Figure 5.11, in terms of temperature evolution at points A, B and C for the 
four cases considered.  
It was observed that Case–1 and Case–4, with Cps value of 1820 (J kg-1 K-1), produced 
approximately the same results. Similarly, the results of Case–2 and Case–3, having a Cps value 
of 1000 (J kg-1 K-1), were found to be equal. The cases with the higher value of Cps=1820 (J kg
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1 K-1) resulted in temperature evolution values that were lower by about 0.7°C, after the first day 
of operation, in comparison to the cases with the lower value of Cps=1000 (J kg
-1 K-1). 
 
Figure 5.11 Temperature evolution at points A, B and C for different cases of specific heat 
capacity 
In addition, it can be said that varying the Cpc from 880 to 1000 (J kg
-1 K-1) does not have any 
significant influence on the magnitude of temperature evolution at all the points considered 
within the GEP. Perhaps this is because of the fact that the range of the Cpc values considered 
do not largely differ. Nonetheless, it can be deduced that small variation in Cpc will not have any 
noticeable effect on the pipe–pipe thermal interaction. 
5.5.5 Effect of pipe location 
The results of the analyses investigating the influence of pipe location on pipe–pipe thermal 
interaction are shown in Figure 5.12. The figure shows a temperature distribution within the 
GEP, after 180 days of continuous heating operation, for 1–loop and 2–loops arrangements 
installed at the centre and edge of the pile. For all the simulations, a constant temperature of 35 
and 30°C were imposed at the inlet and outlet leg throughout the simulation time. 
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Figure 5.12 Temperature distribution (in °C), for 1–loop and 2–loops, at the centre and edge 
within the GEP. 
For the case with 1–loop installed, the temperature at the GEP centre was found to be 31.5°C 
when the pipes are at the centre, compared to 26°C when installed at the pile edge (Figures 5.12a 
& b). Similarly, for the case with 2–loops, the temperature at the centre of the pile were found 
to be 32.8 and 30°C, when the pipes were installed at the centre and at the edge (Figures 5.12c 
& d) respectively.  
Thus, it can be deduced that having the loop(s) installed at the centre, i.e. with smaller shank 
spacing, could eventually result in higher thermal interaction and potentially leading to thermal 
short circuiting of the system (Figures 5.12a & c). This should be avoided by ensuring that pipes 
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are not bunched around a central steel, but rather are provided with spacers to allow some space 
between the pipes in the case of CFA piles. This will improve the overall system performance.  
In addition, it was observed that the circumferential temperature distribution around the GEP is 
non–uniform and the magnitude is greater when the loop(s) are installed near the GEP edge. 
However, the magnitude of the temperature developed around the GEP decreases and its 
distribution becomes uniform when the pipes are at the centre. Thus, resulting in uniform 
temperature changes in the soil surrounding the pile. 
5.5.6 Effect of central steel 
The steel installed at the centre of a CFA pile for rigidity, shown in Figure 5.12, has an influence 
on the heat transfer between the inlet and outlet pipes. The results of this effect are also shown 
in Figure 5.13, for the cases with 1–loop and 2–loops, installed with a steel and plastic bar at the 
centre of the GEP. It was observed that the presence of the central steel decreases the 
temperature difference between the pipes surfaces and the centre of the GEP.  
For the case with 1–loop,  the temperature at the outlet leg (point G), GEP centre (point C) and 
inlet leg (point H) were found to be 31.05, 31.26 and 31.85°C, respectively when the central 
steel was installed in the GEP. However, when the steel was replaced with a plastic bar, the 
temperature at all the points decreases to 29.95, 31.00 and 34.15°C, correspondingly (Figure 
5.13a).  
Similarly, in the situation with 2–loops, the temperature at the outlet (point I), centre (point C) 
and inlet (point H) were found to be 31.95, 32.35 and 32.65°C, when the central steel effect was 
accounted for, in comparison to the temperature of 30.55, 32.35 and 34.25°C with the plastic 
bar, respectively (Figure 5.13b). 
Thus, it can be deduced that the difference in temperature between the inlet and outlet pipes 
decreased from 4.2°C (with the central plastic bar) to 0.8°C when the steel bar effect was 
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considered for a 1–loop case. Similarly, for 2–loops, the difference decreases from 3.7°C to 
0.7°C for the cases with the plastic bar and steel bar effect, respectively. Therefore, it is 
recommended that hard plastics of adequate strength should be used rather than the steel bar to 
improve the CFA GEPs performance. 
 
 
Figure 5.13 Effect of Central steel in CFA piles for (a) 1–loop and (b) 2–loops 
5.5.7 Influence of the various factors on the surrounding soil 
The results of the effects of the different factors studied on the temperature distribution in the 
soil surrounding the GEP are reported in Figures 5.14.  
It was observed that placing the loops at the GEP centre results in lower magnitude of 
temperature that develops in the soil surrounding the pile. Similarly, the temperature magnitude 
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increases with the number of installed loops and their close proximity to the GEP edge. 
Additionally, the region that is affected by the radial temperature distribution within the soil 
spans out to about 4.1 m away from the GEP surface, in all the cases considered (Figure 5.14a). 
 
 
Figure 5.14 Temperature distribution in soil for (a) different number of loops and loop-location, 
and (b) different thermal conductivity values. 
Furthermore, the value of λc and λs have significant influence on the magnitude of temperature 
developed at the GEP soil interface. The magnitude increases from 25°C when 0.5λs = λc to about 
30°C when λs = 0.5λc, respectively. Similarly, the thermally active region in all the cases is within 
a radial distance of about 4.1 m from the pile (Figure 5.14b).  
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5.6 Conclusions 
The chapter presented the background of this study, the finite element modelling process, the 
initial and boundary conditions and the properties of the different materials used. Additionally, 
the numerical simulations carried out investigating the thermal interaction in an energy pile 
embedded in saturated London clay, focussing on factors including effect of thermal 
conductivity, specific heat capacity, the number and location of the loops installed were 
presented and discussed. It was found that:  
 Heat exchange between the inlet and outlet loop leg becomes significant after a steady 
state condition is achieved at all points, in the GEP in a duration of 3 to 5 days of continues 
operation. This resulted in pipe-pipe thermal interaction with 5.41 (W/m) flowing from 
the inlet pipe towards the outlet pipe, and 1.37 (W/m) of heat flowing towards the inlet 
pipe.  
 The number of installed loops results in higher magnitude of temperature development in 
the GEP, and consequently leading to higher thermal interaction between the loops. Also, 
the number of installed loops do have a significant influence on the temperature 
distribution around the circumference of the pile. Moreover, the time to achieve steady 
state decreases from about 5 days to around 3 days as the number of loops increases from 
1 to 4.  
 Lower magnitudes of temperature values were observed at all points in the pile when λc = 
0.5λs, in comparison to the case where 0.5λc = λs. Thus, it can be said that higher thermal 
interaction and larger magnitude of circumferential temperature distribution would occur 
in the latter case. 
 The range of Cp values considered, for the concrete GEP and the soil, do not have any 
major implication on the temperature development and thermal interaction within and 
around the GEP. 
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 The pipes installed at the GEP centre result in higher thermal interaction between the inlet 
and outlet loop legs, and the pipe–pipe thermal interaction decreases as the pipes move 
closer to the GEP edge. Similarly, the magnitude of circumferential temperature 
distribution around the GEP is greater and non-uniform when the pipes are located closer 
to the edge, and the effect diminishes as the pipes move towards the GEP centre. 
 The presence of central steel bar in CFA piles lead to higher thermal interaction between 
the installed loops because of the high λ value of the steel. Thus, it is recommended that a 
different material (say plastic bar) of adequate strength with lower thermal conductivity 
should be used rather than steel. Similarly, the use of spacers should be adopted to reduce 
the radial thermal interaction.  
  Higher magnitude of temperature develops in the soil when the location of the installed 
loop is closer to the GEP edge, and its effect increases with the increase in number of 
loops. Equally, greater values of λc results in higher temperature development at the soil–
GEP interface compared to having a higher λs. Finally, the thermally active region for a 
600-mm diameter GEP, with 1 to 4 loops installed at the edge and centre, was found to be 
within 4.1 m from the GEP surface. However, this would differ in situations with 
groundwater flow, unsaturated soils and where the soil conductivity is higher.  
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Chapter 6 
Thermo-hydraulic tests on a geothermal energy pile installed in Leighton 
Buzzard sand 
6.1 Introduction 
This chapter presents the results of a series of thermo-hydraulic tests performed on Leighton 
Buzzard sand. The tests comprise cyclic heating and cooling of an energy pile cross-section 
embedded in sand. During the tests, the initial water content of the sand was varied, from fully 
dry to an unsaturated state. The aim of these tests is to investigate the flow of heat and moisture 
in the sand under cyclic thermal loading. In addition, the tests also investigated the behaviour of 
the sand under recovery phases.   
Section 6.2 describes the different types of tests carried out and the different testing conditions. 
Section 6.3 presents and discusses the results of temperature evolution and the relative humidity 
measured during the heating phase of the tests. Similarly, measurements of temperature and 
relative humidity were obtained at the end of the heat injection tests termed recovery phases of 
the different tests.  
Furthermore, Section 6.4 outlines and discusses the results of the temperature and relative 
humidity measured by subjecting the energy pile cross-section under cooling load conditions.  
Lastly, Section 6.5 presents the conclusion from the different sections of this chapter.  
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6.2 Testing programme  
A detailed programme was designed to facilitate the laboratory experimental studies on the 
behaviour of an energy pile cross-section embedded in Leighton Buzzard sand. The tests 
involved the application of thermal load on a laboratory scale model of an energy pile. The 
thermal load was applied in a cyclic manner i.e. heating and cooling sequences. In addition, the 
recovery of the sand and the pile were investigated after subjecting the pile to the heating and 
cooling loads. The details of the heating and cooling tests are given in Sections 6.3 and 6.4 
respectively. 
In total, four tests were conducted: Test-1, short term test on fully dry sand; Test-2, short term 
test on unsaturated; Test-3, short term test on unsaturated; Test-4, long term test on saturated–
unsaturated conditions. The programme of the respective tests is given in Table 4.6. 
The full description of the test setup, the different components required and types of tests 
conducted are described in detail in Chapter 3. In addition, the test schematics is shown in Figure 
3.1.   
6.3 Heating tests  
The heating tests were carried out by circulating water through the PVC pipes embedded in the 
concrete energy pile cross-section. The water was circulated at a temperature of 30 and 35°C 
through the respective PVC pipes which denotes the inlet and outlet legs of the energy pile. The 
water circulation was carried out continuously for about 6 days. The water pumps were switched 
off after the heating phase to stop the heat injection on to the energy pile. The post-heat injection 
period was carried out for 2 days. This was termed as the recovery phase to understand the soil 
behaviour after the heat injection phase.  
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However, in Test-4, the experiment was allowed to run for 30 days of continuous heat injection 
process as shown in Table 4.6. This was referred to as a long-term test. The soil was fully 
saturated during the first 2 days of the test. Leakage was observed at the bottom of the set-up 
following the first 2 days of the heat injection process. At first, the plan was to seal off the area 
that was leaking and measure the quantity of water that was coming out of the soil.  
However, the plan was suspended because it was difficult to estimate the leakage rate or the 
quantity of water that seeped out from the sand. Thus, it was thought that this phenomenon 
presents an opportunity to investigate the behaviour of sandy soils under saturation and 
desaturation process. This is often the case in sandy soils where the degree of saturation 
fluctuates, between saturated and unsaturated conditions, during and after precipitation events. 
Thus, the soil was allowed to drain till an equilibrium was reached where no water was observed 
dripping out of the Leighton Buzzard sand, and maintained in an unsaturated state, throughout 
the remaining duration of the test i.e. 28 days. In general, the test was carried out for 2 days in 
a saturated condition and 28 days in an unsaturated state. 
6.3.1 Results discussion for the heating tests  
In the following sections, the results of temperature and the relative humidity for the different 
heating tests are presented and discussed. The results obtained from the short-term tests: Test-
1, Test-2 and Test-3 are presented and discussed. In addition, the results of the long-term test 
(Test-4) conducted on saturated and unsaturated sand are presented and discussed. 
6.3.1.1 Results of temperature for the short-term heating tests (Tests 1, 2 & 3) 
The results of the transient temperature distribution versus time at points in close proximity to 
the energy pile cross-section, i.e. at points A, B, C and D, are presented in Figures 6.1. Exact 
location of each point is schematically shown in Figure 3.1. 
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The temperature within and around the energy pile increases uniformly during the heating test 
until a steady state was achieved in a duration of about 8 to 24 hours depending on the degree 
of saturation of the Leighton Buzzard sand. The Test-4 conducted in the soil with Sl value of 1 
i.e. fully saturated sand, achieved steady state in a duration of about 8 hours. This is mainly due 
to the contribution of heat transfer of pore water contained within the soil voids. This led to the 
sudden heat transfer in and around the energy pile cross-section thereby resulting and aiding 
steady state to be achieved at all locations.  
   
     
Figure 6.1 Results of temperature evolution with time at points A, B, C and D for the heating 
tests 
On the other hand, the Test-1 in which the sand was in a fully dry state took about 24 hours for 
a steady state to be established. This is as a result of the fact that the dominant heat transfer 
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mode occurs purely due to conduction via the sand solid skeleton. Thus, resulting in higher time 
duration required for heat to flow from one point to another. Consequently, leading to more time 
required for the steady state to be achieved.  
The maximum temperature measured during the test was located at the centre of the energy pile 
cross-section i.e. point C. Maximum temperature evolution of about 30, 29.5, 26.7 and 25.3°C 
were observed for the Test-1, Test-2, Test-3 and Test-4 respectively. The magnitude of the 
maximum temperature observed at point C decreases with an increase in the water content of 
the sand. Meaning the maximum temperature was witnessed in the test carried out on dry soil, 
followed by the unsaturated and the saturated tests. The temperature at point C increases beyond 
initial state by about 9.7, 9.2, 6.4 and 5°C after reaching steady state for the Test-1, Test-2, Test-
3 and Test-4 respectively.  
In addition, the results of the transient temperature distribution around the pile circumferential 
perimeter, i.e. points A and D, are shown in Figure 6.1 for the four tests. The average maximum 
temperature observed at the two points, after reaching steady state, were 28.3 and 28.8°C 
respectively for the test conducted on dry sand. The maximum temperature at steady state 
decreases significantly to about 23.1 and 24.5°C as the soil initial moisture content increases 
towards full saturation.  
Furthermore, Figure 6.1 presents the results measured at point B, located at a distance of about 
120 mm directly beneath point A. The main purpose of measuring the temperature change at 
point B is to investigate the heat flow behaviour in the axial direction to the pile. The results 
showed a minor increase in temperature at point B above the initial state. The temperature 
increases slowly until reaching an average maximum temperature of about 25.1 and 22.9°C after 
reaching steady state for the Test-1 and Test-4 respectively. This resulted in a temperature 
difference of about 3.2 and 0.2°C between point A and B as the soil saturation increases from 0 
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to 1. This clearly points out that the heat transfer in the axial direction is not significant in 
comparison to the heat flow along the radial plane of an energy pile. Thus, indicating that the 
major mode of heat flow in and around energy piles occurs in the radial direction to the pile. 
This agrees with the findings of a field scale study on energy pile carried out in Melbourne, 
Australia and reported by Singh et al. (2015a & 2015b).  
At the end of the respective tests, the heater and the circulation pumps were switched off. This 
resulted in the sudden decline in the temperature at these locations (point A, B, C and D) in close 
proximity to the energy pile. The temperature decreases nonlinearly during the 2 days recovery 
period. At the end of the recovery period, the temperature returned back to the ambient condition 
for the tests conducted with recovery phases i.e. Test-1, Test-2 and Test-3. The recovery phase 
was not observed in Test-4.  
Moreover, Figure 6.2 present the results of temperature evolution at points E, F, G and H 
respectively for the four tests i.e. Test-1 to Test-4.  
Point E presents the ambient temperature distribution measured during the four tests. The 
minimum and maximum temperature varied between 20 and 25°C for the Test-1 to Test-4. As 
shown, the room ambient temperature fluctuates during the day and night i.e. it is maximum 
during the day and minimum values were observed at night.  
Additionally, point F shows the temperature distribution at 1-D (D-pile diameter = 150 mm) 
from the energy pile surface. The effects of heat injection at point F were experienced after about 
3 hours subsequent to the start of the respective tests. In other words, there was a time lag of 
about 3 hours prior to temperature increase was observed at point F. The temperature distribution 
increases uniformly until reaching a steady state with a value of 26.3, 24.8, 24 and 22.5°C for 
the Test-1, Test-2, Test-3 and Test-4 respectively. The temperature remained reasonably 
constant after attaining steady state throughout the duration of the tests excluding Test-4. After 
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switching off of the heater and the circulation pumps, the maximum temperature observed at 
this location (point F) remained relatively at a steady state for 3 hours despite switching off of 
the heating source and the circulation pumps. This delay in the decline of temperature could be 
attributed to the time lag of about 3 hours required for any changes to occur at point F. this 
means that the effect of switching off the heaters and the circulation pumps were observed at 
point F after 3 hours following the end of the heat injection process. This highlights the heat 
flow pattern around the energy pile and how it changes with time and soil moisture content.  
The temperature at steady state decreases nonlinearly with time and approach the ambient 
condition during the duration of the recovery phase of the tests i.e. 2 days. The temperature 
reached an average of about 23.7°C at the end of the recovery period in comparison to the 22.8°C 
observed prior to the start of the test (Test-1). Thus, a residual temperature of about 1.1°C could 
be said to have been observed during the test. However, the difference in temperature during the 
start and at the end of the recovery period was found to be majorly influenced by the ambient 
temperature of the room. Therefore, it can be said that the temperature at point F returned back 
to its initial state considering the fact that the ambient temperature was measured to be 23.6°C 
at the end of the recovery period. Similar patterns at point F were observed in the other tests. 
In addition, points G and H shown in Figure 6.2 present the results obtained at the farthest point 
within the soil domain. It was observed that the process of heat injection has no contribution to 
the temperature changes at these points. Thus, all changes at these locations occurred as a result 
of the variations in the ambient temperature.  
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Figure 6.2  Results of temperature evolution with time at points E, F, G and H for the heating 
tests 
6.3.1.2 Results of temperature for the long-term heating tests (Test-4) 
The results of the transient temperature evolution with time for the long-term heat injection test 
is shown in Figure 6.3. The temperature at all locations in close proximity to the pile (points A, 
B, C, D and F) increases rapidly, owing to the saturated condition of the sand until a steady state 
was achieved. The steady state was reached in about 8 hours for the Test-4 in comparison to a 
duration of about 24 hours when the soil was in a fully dry state.  
In the saturated state, the average maximum temperature values of about 25.5, 24.5, 23.5, 23.5  
and 22.6°C were observed at points C, D, A, B and F respectively. The maximum temperature 
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values were attained after the first 8 hours of starting the test. The temperature remained constant 
until after the first two days upon which the desaturation process began. The desaturation 
process took place during the first 2.5 days following the start of the heating test. Afterwards, 
the desaturation stops indicating the soil was in an unsaturated state and the condition was 
maintained till at the end of the test.  
(a)      
(b)     
Figure 6.3  Results of temperature evolution with time at points A to H for the long-term 
test 
The temperature at points C, D, A, B and F began to rise as soon as the desaturation process 
starts. The temperature rise kept increasing until reaching a steady state with a value of about 
27.8, 26, 26, 24 and 24.6°C for the points C, D, A, B and F respectively. It was observed that 
the temperature at these points increases by 2.3, 1.5, 2.5, 0.5 and 2°C as the soil degree of 
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saturation decreases from the saturated to the unsaturated state. The steady state temperature 
remained fairly constant until at the end of the test (30 days). Furthermore, a decline in 
temperature was observed at all the points after about 500 hours. This could be attributed to the 
decrease in the ambient temperature as shown in Figure 6.3 (b).  
Additionally, the results of temperature evolution at points G and H, shown in Figure 6.3(b) 
were found to be relatively dependent on the ambient temperature rather than the heat applied 
on to the energy pile cross-section.   
6.3.1.3 Results of the relative humidity for the heating tests  
The results of the relative humidity distribution (h) versus time are shown in Figure 6.4. The 
first figure shows the h distribution for the Test-2, Test-3 and Test-4 respectively measured 
during the different heating operations. The h values were measured at the energy pile surface 
i.e. 0m from the pile or point D as shown in Figure 3.1.  
The h remains relatively constant at about 0.65 throughout the period (6 days) of the heating 
operation on the energy pile. It was anticipated that greater changes will occur, i.e. the 
temperature rise would drive moisture away from that location (point D), thus leading to lower 
h value. However, the h values for all the tests remained relatively at the initial values. This may 
be as a result of the range of temperature that was observed at this location. The maximum 
temperature rise witnessed at point D during the unsaturated and saturated test was about 26.5°C 
as shown in Figure 6.1. This range of temperature magnitude is not sufficiently high enough to 
results in the drying up of the soil very close to the energy pile.  
In addition, Figure 6.4 shows the full range of the h distribution for the long-term test (Test-4). 
The h trend shows a drastic decrease in the h of the soil within the first 54 hours of the test. This 
is directly attributed to the leakage at the bottom of the setup which was only noticed after the 
commencement of the test. At first, the plan was to seal off the leaking area and ensure the soil 
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remains at a fully saturated state. However, it was thought useful to investigate the behaviour of 
the Leighton Buzzard sand under saturation and desaturation process. Thus, the leakage was 
allowed to continue until a steady state was achieved and the leaking stopped. This was achieved 
within the first 48 hours of the test. Afterwards, the h remains constant throughout the remaining 
part of the test. Thus, the sharp drop observed in Test-4 was due to the desaturation and not as a 
result of the superimposed temperature.  
Lastly, it should be noted that only results obtained from point D are shown here. This is due to 
the fact that the h sensors placed at points F and G became faulty during the tests on dry sand. 
Nonetheless, those locations are farther away from the heating source as compared to point D. 
Thus, the resultant heat from this would result in negligible changes than at those points in 
comparison to that at point D.  
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Figure 6.4  Results of relative humidity distribution with time at point D for the heating tests 
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6.4 Cooling tests  
The cooling tests were conducted by circulating water through the PVC pipes embedded inside 
the concrete energy pile cross-section. The water was circulated continuously, at a temperature 
of 15 and 19°C, for about 6 days during the cooling phase of the tests. Afterwards, the chiller 
and the circulation pumps were switched off and marked the beginning of the recovery phases. 
The recovery period was allowed to run for 2 days after the cooling tests in order to investigate 
the soil recovery behaviour when subjected to lower temperatures than that at the initial state. 
Also, only the short–term tests were carried out during the cooling phase of the laboratory 
experiment. 
6.4.1 Results discussion for the cooling tests 
This section presents and discusses the results of temperature evolution and relative humidity 
distribution measured at all the points during the cooling tests carried out on Leighton Buzzard 
sand. The results obtained at the center and at points in close proximity to the energy pile i.e. 
points A, B, C and D were first described. Afterwards, the results obtained at points E, F, G and 
H were presented and discussed. 
6.4.1.1 Results of temperature for the short-term cooling tests 
Figures 6.5 presents the results of the transient temperature evolution with time at points A, B, 
C and D. The temperature within and around the energy pile decreases steadily until it reaches 
an average minimum value of about 18.8, 18.5 and 19.1°C observed at points A, C and D 
respectively during the cooling tests in Test-1. However, it was apparently clear that there was 
a fluctuation of the temperature observed at points A, C and D. Most likely, this could be 
attributed to the variation in water temperature that was observed in the tank. The water 
contained in the tanks varies between ±2°C during all the three tests. This could be directly 
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related to the inability of the water chillers to maintain the desired temperature throughout the 
duration of the experiments.  
    
    
Figure 6.5  Results of temperature evolution with time at points A, B, C and D for the cooling tests 
Similar to the heating tests, the centre of the energy pile, point C, experienced a larger drop in 
temperature in comparison to the other points surrounding the pile. This is due to its close 
proximity to all the PVC pipes.  
Furthermore, the temperature at the points further decreased as the soil pore water content 
increases from the fully dry state to the unsaturated conditions, i.e. Test-1 to Test-2 and Test-3. 
The average minimum transient temperature of about 18.3, 17.5 and 18.2°C were measured at 
the points A, C and D respectively during the Test-3 in unsaturated conditions. This resulted in 
a temperature drop of about 0.6, 1 and 0.9°C at the points when compared with Test-1. The 
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decline in the magnitude of temperature at the observation points could be due to the 
contribution of the pore water towards heat dissipation in the Leighton Buzzard sand. Thus, 
during the three sets of experiments (Test-1, Test-2 and Test-3), lower temperatures were 
achieved in the Test-3.   
Additionally, Figure 6.5 presents the results of temperature at point B, located directly beneath 
point A, to investigate the axial heat flow characteristics in energy piles. The temperature 
remained moderately constant at about 21.2°C during Test-1. This was found to be about -0.5°C 
in comparison to the initial temperature. Similarly, a larger drop in temperature was observed in 
Test-2 and Test-3, as the soil water content increases. The temperature decreases to an average 
value of about 19.8°C in Test-3. Thus, when the temperatures observed at points A and B are 
compared, it resulted in a temperature difference of about 2.4°C and 1.5°C for the Test-1 and 
Test-3 respectively. This further highlights the fact that both heat extraction and rejection 
associated with energy piles predominantly occurs in the radial axis to the pile.  
Figure 6.6 presents the results of the cooling tests at points E, F, G and H respectively for the 
three tests. Point E shows the ambient temperature distribution during the three tests. The 
temperature was observed to fluctuate between 21.1°C during the night and 22.8°C during the 
day.  
In addition, the transient temperature at point F, 1-D (D-diameter) from the pile surface, 
decreases to an average value of about 20.3°C during the Test-1. The temperature magnitude at 
point F further decreases for Test-3 as the soil becomes unsaturated. An average value of about 
18.2°C was observed for the Test-3 which was about 2.1°C when compared to Test-1.  
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Figure 6.6  Results of temperature evolution with time at points E, F, G and H for the cooling tests 
Similar to the heating tests, the changes to the temperature at this location were observed after 
3 hours of commencing the tests. The temperature remains relatively constant throughout the 
duration of the test. Also, upon switching off of the water chiller and the water circulation 
pumps, the temperature remained at steady state (20.3°C and 18.2°C) for 3 hours before any 
changes in temperature were noticed. This accounts for the lagging time at the start and end of 
the test.   
Afterwards, the temperature increases to about 21.4°C during the recovery phase and approach 
the initial state (21.4°C). It was observed that the soil fully recovered back to its initial state at 
the end of the recovery period of the tests without any residual temperature changes left. 
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Furthermore, the temperature distribution at the farthest points, G and H, in the soil are presented 
in Figure 6.6 for the Test-1, Test-2 and Test-3. The temperature changes at these points vary 
between 20.1 and 22°C. These fluctuations in temperature were observed to be solely dependent 
on the ambient temperature than the heat extraction process from the energy pile. 
6.4.1.2 Results of the relative humidity for the cooling tests  
The results of relative humidity for the cooling tests, measured at point D for the Test-2 and 
Test-3, are shown in Figure 6.7. The h remains relatively the same throughout the duration of 
the tests, i.e. 0.65 and 0.69 for the Test-2 and Test-3, respectively. This is similar to the case 
observed during the heating operation whereby the temperature range, upon which the energy 
pile was subjected to, was not large enough to derive moisture away from the pile.  
 
Figure 6.7  Results of relative humidity distribution with time at point D for the cooling tests 
On the contrary to the heating operation, it was anticipated that the cooling phases of the tests 
would result in moisture accumulation at the location very close to the energy pile. However, 
that was not the case. This is as a result of the fact that the maximum and minimum temperatures 
monitored within the soil domain are about 22 and 18°C during the cooling operation. These 
temperature ranges are not expected to cause any changes to the pore water contained in the 
sand.    
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6.5 Conclusions 
This chapter has presented the results of the different laboratory experiments, conducted on 
Leighton Buzzard sand, to investigate the thermal and hydraulic behaviour of an energy pile 
cross-section embedded in dry, unsaturated and saturated conditions. 
The testing programme for the thermal and hydraulic experiments were presented and described. 
Secondly, the chapter discussed the results of temperature and relative humidity that were 
measured during the heating tests. It was observed that the maximum temperature magnitude 
developed within the setup occurs at the centre of the pile. Similarly, the tests carried out on 
fully dry soil resulted in a larger magnitude of temperature developed within the pile and in the 
soil domain. The temperature magnitude decreases as the soil pore water increases towards 
saturation. Also, the range of temperature that was applied on to the energy pile cross-section 
was not large enough to cause the drying of the soil next to the pile.  
Thirdly, the results of the temperature and relative humidity evolution with time for the cooling 
tests are presented and discussed. It was observed that the lowest temperature observed during 
the cooling tests occurs at the centre of the pile, with the magnitude of temperature decreasing 
with an increase in soil pore water content. In addition, no moisture accumulation was observed 
in the soil surrounding the energy pile. Perhaps, this is due to the reason that the range of the 
temperature applied onto the pile is within the ambient condition. Thus resulting in no changes 
throughout the tests. 
Lastly, the 2 days recovery periods, used to investigate the soil behaviour during the short-term 
heating and cooling tests were found to be sufficient to allow the energy pile and the soil to 
naturally recover to initial/ambient state. However, the duration of the recovery may vary 
especially in field scale experiments.   
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Chapter 7 
Unsaturated soil response under geothermal energy pile application 
7.1 Introduction 
This chapter presents a numerical studies carried out to investigates the thermal performance of 
an energy pile installed in unsaturated soils. Specifically, the study explores the influence of 
different soil types, heat injection modes and effect of increasing or decreasing the heat injection 
rates. Similarly, the three different soil types: sand, silt and clay, with an initial degree of 
saturation of 0, 20, 60 and 100% respectively, are used for the numerical simulations. In 
addition, the simulations are carried out for a total of 9 months i.e. 3 months of heat injection 
plus 6 months of recovery phase.  
Section 7.2 describes the background of the investigation, highlighting the different research 
previously conducted in this area which led to the choice of the aim of the investigation in this 
chapter. Equally, Section 7.3 presents the finite element modelling process including the 
mechanisms of moisture, air and heat transfer in soils. Also, the model description, initial and 
boundary conditions, material properties, thermal conductivity and soil water retention behavior 
of the different soils are shown in this section. 
Furthermore, the numerical simulations carried out investigating the influence different soil 
types, effect of intermittent and continuous heating modes, and that of the increasing and 
decreasing the heat injection and extraction rates are given in Section 7.4.  
Moreover, Section 7.5 outlines and discusses the results of the series of numerical simulations 
carried out to understand the behavior of unsaturated soils under heat injection process. The 
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results are presented in the form of temperature and degree of saturation for the different soils. 
Lastly, Section 7.6 presents the conclusion from the different sections of this chapter.  
7.2 Background   
The whole or part of geothermal energy pile (GEP) foundation elements may be installed in a 
homogenous or heterogeneous soil, with the soil degree of saturation (Sl) ranging from dry, 
unsaturated and saturated conditions. Several studies reported on unsaturated soils indicates that 
increase in the soil saturation has positive significance on the distribution of temperature and 
degree of saturation in the soil surrounding the pile (Mccartney and Baser, 2017), and on the 
amount of energy to be extracted/injected (Akrouch et al., 2015 & 2016), which could increase 
by up to 40% as the soil approaches full saturation (Choi et al., 2011). In addition, Thomas and 
Rees (2009) studied the heat transfer through unsaturated soil beneath a floor slab. They 
concluded that the increase in soil moisture content results in an increase in heat transfer by 
about 20% when analysed in a two-dimensional (2D) case.  
Furthermore, maintaining near initial temperature in the soil surrounding the pile, either through 
natural (Singh  et al. 2015) or forced (Faizal and Bouazza, 2016) recovery methods, have long-
term positive implication on the system performance. However, despite the attractiveness of 
implementing the latter in alleviating the heat build-up or deficit in the soil, it should be noted 
that it comes at an additional cost thus increasing the initial capital investment. Notwithstanding, 
it is advisable that accurate estimate of the possibility of natural thermal recovery should firstly 
be considered before employing any other alternative e.g. solar collectors or cooling towers.  
Singh et al. (2015) carried out a field scale test on an instrumented energy pile located at Monash 
University, Australia. The study investigated the response of the energy pile embedded in almost 
dry sand under thermal and mechanical loading. It was observed that heat predominantly flows 
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radially in the pile, and that natural heat recovery takes more than twice the heating injection 
time. In addition, Kawuwa et al. (2017) investigated the behavior of saturated London clay to 
natural recovery. They found out that the duration of the heat injection rate directly influences 
the time to achieve natural recovery. Similarly, they showed that it took about four times the 
heating time for the soil to naturally approach near initial state. 
Although, the findings of Singh et al. (2015) and Kawuwa et al. (2017) have provided an 
understanding about the natural thermal recovery of soils in dry/saturated state subjected to 
thermal load, there still exists a lack of knowledge regarding the behavior of soils to natural 
recovery in unsaturated conditions. In addition, it is vital to know that the soil physical properties 
(i.e. grain size, soil type) and its thermal properties (including thermal conductivity, degree of 
saturation, geological condition and geographical location), which are location dependent, could 
significantly influence their natural thermal recovery. Thus, there still exists the need to 
investigate the natural thermal recovery of individual unsaturated soils found at different 
locations after thermal injection or extraction. 
This chapter presents the results of a numerical study aimed at investigating the response of 
unsaturated soils: sand, silt and clay, towards natural thermal recovery when subjected to 
transient heating operation. The numerical study conducted was carried out using a finite elem-
ent method (FEM).  
7.3 Finite element modelling   
This section describes the finite element modelling process for the heat and moisture transfer in 
soils under geothermal energy pile application. The governing equations of the code used for 
numerical modelling and simulations, written in the form of primary variables for solving the 
TH problem in an unsaturated soils are reported in Appendix 2. 
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7.3.1 Numerical model description  
A pseudo 2D axisymmetric geometry of a GEP shown in Figure 7.1 was set up in COMPASS. 
The model comprises a pile of 600 mm in diameter, with a length of 30 m chosen as a 
representative of a full scale energy pile. The model was restricted to only the soil domain 
because the numerical studies in this chapter is aimed at investigating the processes happening 
in the soil surrounding the pile. Similarly, the heat transfer in the concrete pile is a steady state 
problem and the resultant heat flux at the GEP surface can be easily computed, which is the case 
in this study. This also reduces the total number of elements in the model, thus minimising the 
computation time.  
A large domain size, with a radius of 20 m and a length of 50 m, was chosen to ensure that the 
geometry is sufficiently large enough to reduce the boundary effects on the soil close to the pile. 
The soil domain was discretised using 3 noded triangular mesh elements, with a minimum 
element size of 50 mm at the GEP surface and was allowed to expand to 1 m at the farthest 
boundary, as shown in Figure 7.1. 
7.3.1.1 Mesh description 
The soil domain was discretised using 3-node triangular mesh elements, with a minimum 
element size of 50 mm at the GEP surface and was allowed to expand to 1 m at the farthest 
boundary, as shown in Figure 7.1. The model is characterised by having 3793 total number of 
elements and 2115 total number of nodes. The chosen mesh sizes were arrived at after carrying 
out some sensitivity numerical simulations.  
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Figure 7.1 Geometry with the structured triangular element mesh  
7.3.2 Initial conditions   
The initial temperature (Ti) adopted corresponds to the typical temperature value that is found 
in the UK at a shallow depth within which an energy pile foundation is installed. A value of 
286.4 K (13.4°C) was adopted in all the analyses. This agree with a Ti value measured by 
Loveridge et al. (2013) during a thermal response test at East London. 
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In addition, the initial degree of saturation (Sl) was varied across all the analyses carried out. 
The Sl value ranges from 0, 20, 60 and 100% saturation, respectively. The initial suction (S) 
corresponding to the respective Sl percentages were determined using the soil water 
characteristic curves. The values for the initial conditions are given in Table 7.1. 
Table 7.1 Initial conditions for the sand, silt and clay soils 
Initial Temperature, Ti 
(K) 
Saturation, Sl (%) Soil suction, S,                               
(MPa) 
286.4 
 Sand Silt Clay 
0 103 103 103 
20 4.3x10-3 0.33 3.9 
60 2x10-3 0.124 0.86 
100 0 0 0 
7.3.3 Boundary conditions   
A heat flux boundary condition of 25 (W/m2) was applied at the GEP surface. This corresponds 
to a radial distance of 0.3 m from the axis of symmetry. The heat flux, q was determined based 
on the heat injection rate data reported by Gawecka et al. (2016). The q value was back-
calculated for the GEP geometry used in this study. In addition, the sides, top and bottom of the 
model were considered as impermeable and adiabatic boundaries to ensure that no moisture and 
heat loss occurs to the environment. 
7.3.4 Material parameters 
The materials used in this study comprised three different soil types adopted from literature. 
These soil types include sandy soil with its properties obtained from the work of Ewen and 
Thomas (1987 & 1989), Thomas and Li, 1997), silty soil from Mccartney and Baser (2017) and 
Chapter 7    Unsaturated soils response under geothermal energy pile application 
Page | 228 
a clay (Speswhite kaolin clay) soil from Singh (2007) respectively. The different respective 
parameters used for carrying out the numerical investigation in this study are given in Table 7.2. 
Table 7.2 Material parameters   
Parameter Sand Silt Clay 
Hydraulic parameters 
Saturated hydraulic conductivity, ksat (m.s
-1) 1.1x10 -3 1.24x10 -7 1.02x10 -10 
Unsaturated hydraulic conductivity, Kl (m.s
-1) Kl = (Sl)
δ ksat ;  δ=3 
Degree of saturation, (%) ranges from 0 – 100% 
van Genuchten (1980) fitting parameters φ= 0.095 
ε=4.162 
θlr =0.0025 
θls  = 0.389 
φ= 0.09  
ε=2.71 
θlr =0.03 
θls = 0.47 
φ= 0.015 
ε=1.9 
θlr =0.0001 
θls= 0.38 
Thermal parameters 
Thermal conductivity, λ (W. m-1 K-1) λs= f (Sl) 
Soil specific heat capacity, Cps (J. kg
-1 K-1) 800 1200 800 
Vapour specific heat capacity, Cpv (J/kg
-1 K-1) 1870 1870 1870 
Specific heat capacity of water, Cpw (J. kg
-1 K-1) 4200 4200 4200 
Other parameters 
Density, ρd (kg. m-3) 2700 2590 2630 
Porosity, n 0.389 0.47 0.38 
Latent heat of vaporisation, L (J. kg-1) 2400000 
Henry's volumetric coefficient of solubility, Hs 0.02 
7.3.5 Thermal conductivity 
The thermal conductivity (λs) is a function of the soil degree of saturation, and is mathematically 
expressed as: 
 λs = f (Sl)         (7.1) 
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Two λs relationships were adopted and used for the three soils, i.e. the expression proposed by 
Ewen and Thomas (1989) shown in Equation (7.2) for the sand, and the formula proposed by 
Melhuish (2004) given in Equation (7.3) for the silt and clay soils, respectively.  
 𝜆𝑠 = 0.256 + 2.548 [1 − 𝑒𝑥𝑝(−22.94𝜃)]     (7.2) 
𝜆𝑠 = 𝜆𝑑𝑟𝑦 + (𝜆𝑠𝑎𝑡 −  𝜆𝑑𝑟𝑦)        (7.3) 
where θ is the volumetric moisture content. 
The variation in thermal conductivity of the three soils against the degree of saturation is shown 
in Figure 7.2. The thermal conductivity at different Sl values were obtained from the work of 
Ewen and Thomas (1987), for sands and Mccartney and Baser (2017) for the silty soil, 
respectively. In addition, the λs values for the clay were back calculated from the suction data 
provided by Singh (2007). 
7.3.6 Soil water characteristic curve and unsaturated hydraulic conductivity 
The full range of the soil water characteristic curve (SWCC) for the sand and clay soils were 
plotted using the van Genuchten curve fitting technique given in Equation 8.4, was used to 
establish the SWCC of the soils. 
 
𝜃𝑙 − 𝜃𝑙𝑟
𝜃𝑙𝑠 − 𝜃𝑙𝑟
=  [
1
1+ (𝜑𝑆)𝜀
]
𝜙
        (7.4) 
and,  
     𝜙 = 1 −
1
𝜀
         (7.5) 
where θl is the volumetric liquid water content, θlr is the residual volumetric liquid water content, 
θls is the saturated volumetric liquid water content (i.e. taken equal to porosity), S is the matric 
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suction, φ, ε and ϕ are constant fitting parameters. The SWCC parameters for the respective soils 
are given in Table 7.2. The relationship between the matric suction and the degree of saturation 
for the different soils is shown in Figure 7.3, adopted from the work of Singh (2007), Mccartney 
and Baser (2017) and Fredlund and Xing (1994). 
 
Figure 7.2 Thermal conductivity & degree of saturation relationships for clay, silt and sand (after 
Ewen and Thomas (1987), Singh (2007) and Mccartney and Baser (2017)) 
In addition, Melhuish (2004) reported that the unsaturated hydraulic conductivity, Kl, is a 
function of the void ratio (e), degree of saturation (Sl) and the temperature (T), mathematically 
expressed as: 
 Kl = (Sl)
δ ksat          (7.12) 
Where ksat is the saturated hydraulic conductivity (m/s), δ is a parameter ranging between 3 and 
10 Bӧrgesson and Hernelind (1998).  
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Figure 7.3 Soil water characteristic curves (SWCC) for clay, silt and sand (after Fredlund and 
Xing (1994), Singh (2007) and Mccartney and Baser (2017)) 
7.4 Numerical simulation   
Thermo-hydraulic numerical analyses were carried out by applying a heating load at the pile 
surface to investigate the soil response to natural recovery. The total duration of the heating 
cycle was 3 months, i.e. 90 days heat application followed by 6 months of resting period. In 
total, three sets of numerical analyses were carried out investigating the effects of different 
factors towards soil natural recovery, including: 
7.4.1 Effect of different soil types 
A transient heat flux, q = 25 (W/m2) was applied at the pile surface in a stepwise manner, 
comprising 8 hours of heating followed by 16 hours resting period per each 24 hours, as shown 
in Figure 7.4. 
0
0.2
0.4
0.6
0.8
1
1.0E+00 1.0E+01 1.0E+02 1.0E+03 1.0E+04 1.0E+05 1.0E+06
D
eg
re
e 
o
f 
sa
tu
ra
ti
o
n
, 
S
l
Matric suction  (kPa)
Clay
Sand
Silt
Chapter 7    Unsaturated soils response under geothermal energy pile application 
Page | 232 
 
Figure 7.4 Intermittent cyclic heating operation 
7.4.2 Influence of Intermittent and continuous heating modes 
The hours of operating a GEP could vary from several hours per day, termed as intermittent 
heating, or may run continuously for 24 hours. The former mode of operation is commonly 
found in residential buildings, whereas the latter is an operational mode exhibited in public 
buildings: industries, hospitals etc.  In addition, it should be noted that the duration of the heating 
and/or cooling cycle are weather dependent, i.e. on the variation of air temperature, which varies 
by location. For example, Figure 7.5 depicts the average daily and monthly air temperature in 
Guildford, measured at the University of Surrey. 
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Figure 7.5 Annual air temperature of Guildford town, Surrey (October, 2016 – October, 2017). 
A heat flux, q = 25 (W/m2) was applied at the pile surface, for both the intermittent and 
continuous operating modes. The intermittent operation comprises 8 hours of heating followed 
by 16 hours resting period, and 16 hours of heating followed by 8 hours resting period, per day 
(Figure 7.4). The continuous operating mode runs continuously through the test duration. 
7.4.3 Effect of increasing or decreasing the heat injection rate 
An intermittent operation (comprising 8 hours of heating and 16 hours of resting), was used by 
applying three sets of heat flux values, i.e. 12.5, 25 and 37.5 (W/m2), for this investigation.  The 
value of q = 12.5 and 37.5 (W/m2) corresponds to 50% reduction and increase to the 25 (W/m2) 
heating load, back calculated from literature. In addition, q = 100 W/m2 was adopted from 
Mccartney and Baser (2017) and used in this study. 
The results were obtained at the pile mid-depth, at several radial distances away from the pile 
surface: i.e. R=0 (pile surface), 0.5 and 1 m, respectively. Similarly, the results of radial 
temperature distribution were obtained at the pile mid-depth. In addition, results of Sl variation 
with depth at ½-pile diameter from the pile were obtained and discussed. 
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7.5 Discussion of results  
Prior to utilising the COMPASS code for carrying out numerical analyses, it is a good practice 
to verify the capability of the code in numerically solving for the coupled TH problem in a 
porous media. To achieve this, an experimental study conducted by Singh (2007) was 
reproduced. Figure 4.5 shows the results of temperature and Sl for the COMPASS code 
compared with that reported by him. It can be observed that the code was able to accurately 
capture and replicate the experimental results for both the temperature and Sl. In addition, the 
discrepancy of the Sl results at the farthest distance may be attributed to an error in measurement 
as reported by Singh. 
7.5.1 Effect of different soil types  
7.5.1.1 Results of temperature evolution for different soil types 
Figure 7.6 presents the results of temperature evolution against time, after transient thermal load 
application for the different soil types: i.e. sand, silt and clayey soils, respectively, at R=0, 0.5 
and 1.0 m from the pile surface.  
The average temperature at the pile surface increases uniformly to a maximum value of about 
28, 26, and 43°C for the sand, silt and clay soils, respectively at the duration of the heating test. 
The maximum temperature build-up occurred in the soils having 0% Sl value, with the 
temperature magnitude decreasing with increase in the degree of saturation. A temperature 
difference of about 13°C, 10°C and 27°C were observed as the soil saturation increases from 
0% to 100%, for the sand, silt and clay soils, respectively.  
The reason for the decrease in temperature owing to the increase in soil saturation could be 
attributed to the contribution of moisture present within the soil voids towards heat dissipation, 
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radially away from the pile surface. This was found to be more significant as the soil fineness 
increases from clay to silty and sandy soil, respectively. This, therefore, portray the nature in 
which heat radiates away from the pile as a result of temperature gradient and its associated 
mass transfer.  
In addition, higher temperature magnitude was observed in the clay soil. This could be attributed 
to conduction being the dominant mode of heat transfer especially in the drier soils. Also, it 
could be due to low permeability of the clay soil to easily allow pore water to transfer heat away 
from the pile as demonstrated in the silty and sandy soil. The ability of the soil to retain heat in 
the soil surrounding the pile could be significantly important where the GEP system is required 
for heat storage. However, that is beyond the scope of this chapter/thesis. 
Similar to the results obtained at the pile surface, the maximum temperature witnessed at 0.5 
and 1 m radial distances occurred in soils with 0% Sl, and the temperature magnitude keep 
decreasing with increasing soil saturation in all the three soil types. At the beginning of the 
simulations, a time lag of about 2, 3 and 4 days were observed before heat could flow to a 
distance of 0.5 m away from the pile, for the sand, silt and clay soils, respectively. At this 
location, the maximum temperature monitored was about 20°C in the sand and silt soils, while 
a value of 25°C was observed in the clay soil, after 90 days intermittent heating operation. 
Consequently, the soil temperature decreases gradually with time towards initial state. 
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Figure 7.6 Results of temperature evolution for sand, silt and clay soils, at R=0, 0.5 and 1.0 m from the pile surface. 
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Equally, at the radial distance of 1 m, the soil temperature remained at initial state until after 5, 
8 and 9 days following the start of the heating operation for the sand, silt and clay soils, 
respectively. The magnitude of temperature increase observed at this point, for the three soils at 
the different soil saturation, ranges between 0.6–5.6°C above the initial soil temperature.  
Upon switching off the heating source, the temperature at all locations decreases rapidly with 
time in the first 10 days following the heating operation. Afterwards, the rate of temperature 
decrease reduces uniformly as the soil approach initial state, at duration equal to about twice 
that of the heating time, for the sand, silt and clay soils.  
7.5.1.2 Results of radial temperature distribution for the different soil types  
Additionally, results were obtained for the radial heat flow, and the associated contribution of 
the initial Sl, on the soil volume that could be influenced by the heating operation. This is 
especially important where the GEPs are installed in a group, following the structural spacing 
requirement as stipulated by the design engineer. Or where the piles are placed close to other 
existing energy geostructures such as boreholes, diaphragm walls or tunnels. This could 
potentially result in thermal interaction between the structures. Thus, could possibly lower the 
performance of the GEP system. On the other hand, citing the energy geostructures at an 
optimum distance to each other could be positively significant for the purpose of heat storage.  
Figure 7.7 presents the results of temperature (°C) with normalised distance (X/D: X radial 
distance; D-pile diameter) for the sand, silt and clay soils. The results were obtained, at the pile 
mid-depth, at the end of the heating process i.e. 90 days of injecting heat into the surrounding 
soil.  
Chapter 7     Unsaturated soils response under geothermal energy pile application 
Page | 238 
 
 
 
Figure 7.7 Results of radial temperature distribution for sand, silt and clay soils under transient 
heating mode 
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In the sandy soil, a maximum temperature of about 28°C was observed at the pile surface, when 
the soil is in a fully dry state. The magnitude of the maximum temperature reduces as the soil 
saturation increases from 0 to 100%. A significant reduction in temperature magnitude by about 
5°C was observed as the soil saturation increases from 0 to 20% and from 20% to 40%. Beyond 
40% saturation, the rate of temperature drop becomes less significant, as soil initial Sl increases 
from 60 to 100%. Conversely, in the case of silty soil, the maximum temperature (of about 26°C) 
observed at the pile surface decreases linearly at the rate of about 2°C with increasing soil Sl.  
Furthermore, in the clay soil, a maximum temperature of about 43°C was witnessed at the pile, 
and significantly decreases by about 10°C as the Sl increases from 0% to 20 and 40%, 
respectively. As the soil initial Sl increases from 60 to 100%, the reduction in the maximum 
temperature observed at the pile surface becomes negligible.  
In all the cases studied, i.e. sand, silt and clay soils with 0–100% initial Sl, the temperature 
decreases non-uniformly with distance away from the pile surface. The maximum radial distance 
of about 6 m from the pile surface was found to be influenced by the heating application, for the 
sandy soil. This could be attributed to the soil grain size which easily allow moisture to flow 
within the voids owing to temperature and pressure gradient. However, as the soil grain sizes 
becomes finer, i.e. in silt and clay soils, the area influenced by the heating operation decreases 
to about 5 and 4 m for the silt and clay, respectively. This could be because of the high pressure, 
also known as air entry value or air entry pressure, required to allow moisture to flow within the 
voids of fine soils (e.g. clay) as compared to that in sands. The results give an insight into the 
optimum energy pile spacing value of between 4 to 6 m which can be applicable to different 
ground conditions (i.e. soil type and its saturation). 
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Figure 7.8 Results of temperature distribution with depth at the end of heating period for sand, 
silt and clay soils 
0
10
20
30
40
50
10 20 30
D
ep
th
 (
m
)
Temperature ( C)Sand 
0
10
20
30
40
50
10 20 30
D
ep
th
 (
m
)
Temperature ( C)Silt
0
10
20
30
40
50
10 20 30
D
ep
th
 (
m
)
Temperature ( C)Clay 
0123045
10 20 30
D
ep
th
 (
m
)
Temperature ( C)
0% - End of heating
20% - End of heating
60% - End of heating
100% - End of heating
Trendline
Chapter 7     Unsaturated soils response under geothermal energy pile application 
Page | 241 
7.5.1.3 Results of temperature distribution with depth for the different soil types 
Figure 7.8 presents the results of temperature versus depth, obtained at a distance of ½ pile 
diameter from the pile surface, for the sand, silt and clay soils, at the end of the heat injection 
period. It can be seen that the drier soils witnessed higher temperature build-up across the whole 
pile length, and the magnitude of the observed temperature decreases with the increase in soil 
saturation and soil grain size. This could be as a result of the contribution of heat transfer via 
convection, which becomes more pronounced with the increase in soil grain size distribution. In 
addition, about the same temperature was observed when the sand and silt soils were in a fully 
dry state. However, as the soil moisture increases to 20% and 60%, the heat dissipation in sand 
significantly increases due to its higher thermal conductivity as compared to silt and clay soils 
(refer to Figure 7.2 for the thermal conductivity curve). Thus, this highlights the usefulness of 
heat transfer via convection, in soils which should not be neglected during the design process, 
especially in granular soils.  
7.5.1.4 Results of saturation with depth for the different soil types 
Figure 7.9 presents the results of the initial soil Sl with depth, obtained at a distance of ½ pile 
diameter from the pile surface, at the end of the heating and recovery periods, for the sand, silt 
and clay soils, respectively.  
The change in soil Sl value as a result of the heat injection process remains relatively 
insignificant and ranges between 5 and 10% for the 20 and 60% soil saturation. Specifically for 
the 20% saturation (Figure 7.9a), the change in Sl is less pronounced in sand followed by that of 
silt and clay soils. This could be attributed to two coupled phenomena: temperature gradient and 
the soil permeability or hydraulic conductivity. During the heat injection, the imposed high 
temperature dissipates away from the pile to a lower temperature region within the soil via 
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conduction and convection. Conduction is the dominant heat transfer particularly considering 
the particles are closely interlocked to each other, especially in finer soils e.g. clay and silt.  
          
        
Figure 7.9 Results of Sl with depth at the end of heating and recovery periods: (a) 20% saturation, 
(b) 60% saturation, for sand, silt and clay soils without gravity effect. 
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Therefore, this affects the free movement of pore water: in the form of liquid water and vapour 
water, which is driven by temperature and pressure gradient. This phenomena was observed and 
has been reported by other researchers (Olivella and Gens, 2000; Cleall et al., 2011; and 
Mccartney and Baser, 2017).  This results in the soils having lower hydraulic conductivity of 
1.02x10-10 m/s and 1.24x10-7 m/s for the clay and silt, respectively. Hence, the lower hydraulic 
conductivity leads to lower contribution of heat transfer via convection thus resulting in high 
temperature build-up in the soil next to the pile and drier soil domain. However, in sand with 
larger grain size distribution, the high hydraulic conductivity of 1.1x10-3 m/s aids in allowing 
the pore water to easily flow within the voids. Thus, transport and dissipates heat away from the 
pile.  
In addition the effect of superimposing gravity on the model was also investigated in the 
simulations. Figure 7.10 shows the results of soil Sl versus depth for the sand, silt and clay with 
gravity effect, compared with Figure 7.9 without the effect of gravity superimposed. It can be 
seen that superimposing the effect of gravity on the model causes the pore water to percolate 
and settles at the bottom of the model i.e. 50 m depth, which was considered as an impermeable 
layer during the analyses. The level of water that settled at the bottom of the model increases 
with increasing initial Sl. The ease of water percolation within the soil voids is govern by the 
soil hydraulic conductivity which is higher in sand. However, the gravity effect becomes less 
significant in silt and clay soils. This could be attributed to the high water retention capacity, 
also defined as the ability to hold water within the soil voids at high pressure, for the silt and 
clay soils as compared to that of sand shown in Figure 7.3.  
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Figure 7.10 Results of Sl with depth at the end of heating and recovery periods: (a) 20% saturation, 
(b) 60% saturation, for sand and silty soils, with gravity effect 
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SAND        SILT       CLAY 
       
         
       
Figure 7.11 Results of temperature evolution for different heating modes, at R=0 m, for sand (1st column), silt (2nd column) and clay (3rd column) 
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7.5.2 Influence of intermittent and continuous heating modes 
7.5.2.1 Results of temperature evolution for different heating modes 
Figure 7.11 presents the results of 8, 16 and 24 (continuous) hours heating modes, obtained at 
the pile surface, for sand, silt and clay soils. 
As shown in Figure 7.11, the duration of the heat injection period has significant effect on the 
temperature increase in the surrounding soil. In the sandy soil, the maximum temperature 
observed at 0%–Sl (27°C) increases by about 13°C and 24°C as the heating process increases to 
16 hours and continuous heating modes respectively. Similar trends and temperature values were 
seen in silty soil. However, in the clay soil, a maximum temperature of about 43, 68 and 94°C 
were observed at the end of the heating process for the 8, 16 and 24 hours heating modes 
respectively, with 0% Sl value. The magnitude of the temperature witnessed in all the soils 
irrespective of the heating mode drastically decreases with Sl above 50%.  
Furthermore, the intermittent operation allow the heated soil to dissipate heat away, during the 
discontinuous heating cycle, i.e. 16 and 8 hours resting, for the 8 and 16 hours heat injection 
respectively. This is significantly important and ensures the GEP system longevity especially 
where the system is used for monotonic operation, i.e. heating or cooling only. However, that is 
not the case in systems that are operated continuously. Thus, such systems should be equipped 
with a comprehensive control management system to deliver and monitor the energy needed and 
prevent excessive temperature build-up in the soil. Moreover, the magnitude of temperature 
witnessed reduces with the increase in soil saturation for the three heating cases. 
After switching off the heating source, the temperature at all locations decreases and approach 
near initial state at the end of the recovery period. Higher residual temperatures were observed 
in the continuous heating mode followed by 16 and 8 hours heating operations respectively. 
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Also, the drier soils, 0 and 20% Sl, indicated higher magnitude of temperature residue, and 
decreases with increase in soil saturation. 
7.5.2.2 Influence of different heating modes on soil saturation 
Figure 7.12 presents the results of Sl distribution for 8, 16 and 24 hours heating operations 
obtained at the end of the 90 days heat injection period. For the purpose of brevity, the results 
of 0 and 100% Sl were not reported because no changes were observed in the fully dry or 
saturated conditions. The results show a slight drying at the location of the pile, with the 
magnitude of the drying increasing with an increase in the duration of the heat injection process 
i.e. 8 hrs, 16 hrs and 24 hrs respectively. For the case with 20% saturation, higher drying was 
witnessed in the clay soil, followed by the silt and sandy soil. This could be as a result of the 
higher magnitude of temperature witnessed in the clay soil, which was caused by the low 
hydraulic conductivity and lower thermal conductivity at very low degree of saturation. This 
creates a region of soil with low thermal conductivity surrounding the pile and resulting in higher 
temperature build-up. However, in silt and sand, lower soil drying up was observed due to the 
contribution of heat transfer via conduction and convection, which led to a higher thermal 
conductivity of about 0.8 and 2.3 W.m-1K-1 as compared to clay with a value of about 0.3 W.m-
1K-1 at 20% Sl. However, as the soil Sl increases to 60%, the drying becomes less significant due 
to the contribution of heat dissipation via convection.  
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Figure 7.12 Results of Sl distribution with depth for sand, silt and clay soils having different 
heating modes 
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Figure 7.13 Results of temperature evolution for different heat injection rates, at R=0 m, for sand (1st column), silt (2nd column) and clay (3rd column). 
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7.5.3 Effect of increasing or decreasing the heat injection rate 
7.5.3.1 Results temperature evolution for different heat injection rates 
Figure 7.13 presents the results of temperature evolution at different heat injection rates i.e. 12.5, 
25 and 37.5 W/m2, for the sand, silt and clay soils. The analyses were carried out to investigate 
the effect of decreasing or increasing the injection rate on soil natural recovery. It was observed 
that decreasing and/or increasing the heat injection rate, i.e. 12.5, and 37.5 W/m2 from the 
baseline value (25 W/m2), has influence on the magnitude of temperature development in the 
surrounding soil. Higher temperature magnitudes were witnessed in the drier soils, and increases 
with higher injection rates. At the higher Sl i.e. 60 & 100%, the rate of increase in temperature 
with increasing injection rate becomes negligible. This could be due to the contribution of pore 
liquid, in addition to conduction (being the dominant case in drier soils), towards heat dissipation 
away from the pile. Same exact phenomenon was observed across the different soil types.  
Thus, imposing excessive injection rates on the GEP system should be avoided especially where 
the system is working for longer durations, with no or insufficient intermittent recovery period. 
Furthermore, the soil temperature returns to near initial state with a value ranging between 0.15–
3.35°C above its initial value, at the end of the recovery period, i.e. twice the heating time. 
7.5.3.2 Effect of the different heat injection rates on soil saturation  
Figure 7.14 presents the results of the soil saturation against depth for 12.5, 25, 37.5 and 100 
W/m2 heating power, at initial Sl values of 20 and 60%, for the sand, silt and clay soils. The heat 
injection rate has significant influence on the drying up of the soil. A slight decrease in soil 
saturation was observed along the pile depth, and the drying increases with an increase in the 
heat injection rate. i.e. 12.5, 25 and 37.5 W/m2 respectively.  
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Figure 7.14 Results of the distribution of Sl having different heat injection rates for the sand, 
silt and clay soils 
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Furthermore, a heat flux value of 100 W/m2 reported by Mccartney and Baser (2017) was 
adopted and used here to investigate the effect of higher heating power on the soil initial Sl. It 
was observed that imposing excessive heat flux value on the pile results in higher drying up of 
the soil surrounding the pile. This has an influence on the overall system performance whereby 
the thermal conductivity value of the surrounding soil decreases due to the soil drying process. 
This creates a layer of dry soil next to the pile having lower heat exchanging properties 
especially in finer soils e.g. silt and clay. 
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7.6 Conclusions 
This chapter has presented the results of numerical studies investigating the behaviour of a 
geothermal energy pile installed in unsaturated sand, silt and clay soils respectively. The 
numerical simulations were carried out by superimposing a thermal load on the different soil 
types, and varied degree of saturation condition, for a duration of 3 months. At the end of the 
thermal loading (heat injection process), the thermal load was switched off and the soil was 
allowed to recover in the subsequent 6 months. In total, each of the numerical simulations was 
carried out for 9 months i.e. 3 months of heat injection plus 6 months recovery period. 
The background of this study and the rationale behind the choice for the aim of this study were 
described. Followed by the discussion of the finite element modelling process including the 
mechanisms of heat transfer in unsaturated soils, model description, initial and boundary 
conditions, and material parameters. Also, analytical expression used for the thermal 
conductivity and the soil water characteristic curve for the different soils are presented in this 
section.  
In addition, the types of numerical simulations carried out investigating the effect of the different 
soil types, heat injection mode and the different heat injection rates are provided.   
Lastly, the results of the numerical studies of the unsaturated soil response under geothermal 
energy application was presented and discussed. It was found that: 
 The magnitude of temperature rise in the soil surrounding the pile decreases with 
increasing soil saturation. In other words, increase in soil water content has positive 
significance on the longevity and performance of the GEP system, because it prevents 
excessive temperature build-up, which dissipates away from the pile surface due to 
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temperature gradient and mass transfer associated with it. Thus, ensuring that near initial 
temperature is maintained in the soil domain surrounding the pile.  
 Temperature changes at all locations significantly decreases in the first 10 days following 
the end of the transient heating operation. The rate of the decrease reduces uniformly as 
the soil approach near initial state in duration equal to twice that of the heating time.  
 The soil grain size or grain size has a significant influence on the temperature distribution 
around the GEP. In sand, the soil porous nature allow moisture to easily flow in the voids, 
and in doing so transport heat away from the pile surface. It was observed that it took 
about 2 days for heat to flow to a distance of 0.5 m from the pile. The duration, increases 
to 3 and 4 days, as the soil fineness increases from silt to clay respectively.  
 The thermally active region in the soil domain under the influence of the transient heating 
process, for the sand, silt and clay soils, was found to be at a radial distance of 6, 5 and 4 
m, respectively. However, this could likely vary in situations where groundwater flow 
with high flow velocity exists, especially in large granular soils. Nonetheless, the results 
reveal an insight into the optimum spacing that should be allowed between energy piles 
installed in group under different ground conditions i.e. soil type and saturation. 
 The 24 hours (continuous) mode imposes excessive temperature changes on the 
surrounding soil by about 51°C and 26°C when compared to the 8 and 16 hours 
intermittent heating operations. Equally, the temperature difference reduces with an 
increase in soil saturation.  
 The heat injection/extraction rate has significant influence on the heat build-up in the 
surrounding soil. Increasing the injection rate results in greater temperature changes in the 
soil, for the sand, silt and clay soils, with the temperature magnitude decreasing with 
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increasing soil saturation. This results in the drying of the soil next to the pile, thus 
lowering its thermal conductivity and consequently the overall GEP system performance. 
 It is recommended that the soil moisture content should be taken into consideration during 
the design process of the energy pile system. Because the pore water aid in preventing 
excessive temperature build-up in soil, which would render the system non-usable or less 
efficient. However, in situations where higher temperature are expected due to higher 
injection rate or very low soil Sl value, then an automated control management system 
should be installed to monitor the system and deliver the required energy needed in order 
to ensure the short-term and long-term efficiency of the GEP system. 
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Chapter 8 
Long-term thermal performance of group of energy piles in unsaturated 
soils 
8.1 Introduction 
This chapter presents the results of a series of numerical simulations to investigate the long-
term performance of group of geothermal energy piles (GEPs) embedded in Leighton Buzzard 
sand and Speswhite kaolin clay soils having different initial degree of saturation. The 
simulations comprise cyclic heating and cooling of the GEPs in group installed in soils having 
an initial degree of saturation of 0, 30, 60 and 100% respectively. The thermal load pattern 
comprises 6 months of heating followed by 6 months of cooling in each year (i.e. each thermal 
cycle), and the numerical simulations were carried out for 10 years.  
Section 8.2 describes the background and main motivating factors that led to the choice of the 
aim of the study carried out in this chapter. Also, it presents relevant previous literature by 
other researchers that investigated the behaviour of GEPs in group.  
Furthermore, Section 8.3 discusses the finite element modelling process, material parameters 
used, initial and boundary conditions that were applied to the different numerical simulations 
to investigate the behaviour of GEPs under cyclic thermal loading. In addition, Section 8.4 
describes the types of numerical simulations carried out involving two cases: (1) where all 
the GEPs in the group are thermally activated and (2) where alternate GEPs are thermally 
activated. 
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Moreover, Section 8.5 presents the results of numerical simulations conducted investigating 
the long-term performance of group of GEPs under cyclic thermal loading, and the effect of 
various factors such as soil type, degree of saturation and configuration of GEPs. Lastly, 
Section 8.6 presents the conclusion.  
8.2 Background   
The process of cyclic heating and cooling of GEPs has an influence on the thermal 
performance of the system. In situations where the heating and cooling demand are equal, the 
system transfers back the heat energy harvested in winter while achieving space cooling in 
summer. However, in an unbalanced system, other approaches should be used to ensure the 
heat energy lost in winter, is recovered back (McCartney et al., 2013; Singh, Bouazza, Wang, 
et al., 2015; Faizal and Bouazza, 2016; Kawuwa et al., 2017 and Sani et al., 2019) for use in 
the subsequent heating season. 
In addition, several studies were carried out investigating the usage of the soil domain for the 
purpose of heat storage. Hesaraki et al., (2015) reported that utilising a collective regional 
development (comprising of piles from several housing units) for the purpose of seasonal heat 
storage results in higher efficiency in comparison to that of a single residential unit. Also, 
Ochsner et al., (2007) have shown that factors such as reference storage depth and heat 
capacity of the storage domain should be accurately determined to maximise the thermal 
storage capacity of the soil domain. Mccartney and Baser, (2017) have shown that vapour 
presence in soil pores has positive impact on the heat storage efficiency in silty soil. Similarly, 
the process of heat injection in a GEP installed in unsaturated clay was shown to drive 
moisture away from the location of the pile. This results in lower soil moisture content, and 
lower thermal conductivity. However, it was found to offer positive significance for thermal 
heat storage purpose (Sani et al., 2018).  
Chapter 8 Long-term performance of group of energy piles in unsaturated soils 
Page | 258  
Moreover, Dupray et al., (2014) reported a study investigating the long-term performance of 
group of GEPs under cyclic thermal loading. They found that the increase in the heat injection 
rate, and the injection and extraction ratio, has influence on the overall efficiency of the global 
energy storage system.  
Hepburn (2013) carried out a study investigating the long-term thermo-hydraulic soil 
response during heat extraction process in a horizontally laid ground loop GSHP system. They 
showed that the heat extraction process reaches a steady state in the first three years of the 
numerical simulations. However, GEPs may behave differently to horizontal ground loop 
systems considering the former are laid at a shallower depth (1.5 to 2.0 m), while, the latter 
are installed at a greater depth (Singh et al., 2019). Hence, it is imperative to investigate and 
understand the long-term behaviour of GEPs under cyclic heat injection and extraction 
process.   
Similarly, GEPs are commonly installed in group, with the primary function of providing 
structural integrity to the overlying building, than as a single entity. In a situation where the 
whole group of piles are thermally activated, their behaviour as a group will differ, in 
comparison to that of a single GEP unit, or where some selected piles in the group are 
equipped with energy loops. Thus, where the piles are closely situated to each other, the 
thermal design should be carefully carried out to prevent thermal interaction between the 
piles. To avoid this effect, alternate piles can be equipped with energy loops, thus increasing 
the spacing between the thermally activated GEPs, which in turn prevent the 
underperformance of the system.   
Hence, this chapter investigate, via the use of finite element modelling (FEM), the long-term 
thermo-hydraulic (TH) behaviour of group of GEPs under cyclic heat injection and extraction 
process. Also, the chapter studied the scenarios where: (1) the whole group of piles are 
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thermally activated; and (2) where alternate piles are thermally activated in the group. 
Similarly, the behaviour of the group of GEPs in sand and clay soils are investigated and how 
they vary with increase in soil moisture content.  
8.3 Finite element modelling   
The finite element modelling and simulations were carried out in COMPASS code. The 
theoretical and numerical formulations of the code for heat and mass transfer through a soil 
mass are given in Appendix 2.  
8.3.1 Numerical model description  
A quasi 2D axisymmetric and a plan view of the geometry of a group of GEPs shown in 
Figure 8.1 was set up. The geometry comprises 4 GEPs with each having a diameter of 600 
mm, and a length of 30 m chosen as a representative of a full scale group of GEPs spaced at 
7 m apart. The modelling was carried out for the concrete and the soil domain, i.e. the HDPE 
pipes and HCF were neglected. However, the heat transfer within the GEP, taking into 
account factors such as thermal conductivity, specific heat capacity, number of HDPE loops 
and loops location, were investigated and reported in Chapter 5.  
Most importantly, neglecting the effect of the HCF and HDPE in the geometry reduces the 
total number of required elements, and consequently, minimising the computational time 
required thereby, simplifying the numerical simulations to be conducted. 
In the soil region, a domain size of 40 m wide and 50 m in height was chosen for the group 
of GEPs to be installed. The domain was made to be large enough to ensure there were no 
boundary effects. Also that all thermal evolution and temperature changes, that might arise 
due to the cyclic heating and cooling, occurs within the soil domain.  
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Figure 8.1  Geometry of the four geothermal energy piles installed in group (a) Axisymmetric 
view (b) Plan view (drawn not to scale) 
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8.3.1.1 Mesh description 
The GEPs and the soil domain were discretized using 8-node quadrilateral elements. The 
elements sizes increases from 0.3 m at the location of the GEPs to about 1 m at the farthest 
boundaries from the group of piles. The model is characterised by having 2350 total number 
of elements and 2448 total number of nodes. The chosen mesh sizes were arrived at after 
carrying out some sensitivity analysis.  
8.3.2 Initial conditions   
The initial temperature adopted and used for the FEM simulations corresponds to 286.55 K 
(13.4°C). A value measured during a thermal response test in East London and was reported 
by Loveridge et al. (2013).  
Furthermore, initial degree of saturation (Sl) was varied from 0, 30, 60 and 100% respectively. 
Initial suction (s) corresponding to the respective Sl percentages were determined using the 
soil water characteristic curve fitting proposed by van Genuchten (1980). The values for the 
initial temperature and suction are given in Table 8.1. 
Table 8.1 Initial conditions for the sand and clay soils 
Initial Temperature, To 
(K) 
Saturation, Sl 
(%) 
Soil suction, S, 
(MPa) 
286.4 
 Sand Clay 
0 1 103 
30 2.505x10-3 2.325 
60 2.42x10-3 0.86 
100 0 0 
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8.3.3 Boundary conditions   
A heat flux boundary condition of 25 W/m2 was applied at the perimeter of the GEPs. This 
corresponds to the axial distance of 0.3 m from the GEP central axis. The heat flux, q, was 
determined using the data for heat injection rate reported by Gawecka et al. (2016). The q 
value was back-calculated for the GEP of 30 m length used in this chapter. In addition, the 
sides, top and bottom of the domain were considered as adiabatic and impermeable 
boundaries to ensure that no heat and moisture losses occurs outside the domain.  
8.3.4 Material parameters 
The different materials used for carrying out the numerical analyses comprise concrete and 
soils (sand and clay). The properties of the concrete and Leighton Buzzard sand were 
measured and the type of tests conducted are given in Chapter 3. However, for the Speswhite 
kaolin clay soil, its properties were adopted from the work of Singh (2007). The details of the 
different parameters are given in Table 8.2. 
8.3.5 Thermal conductivity 
The thermal conductivity (λs) of the soils were calculated based on the  relationships proposed 
by Ewen and Thomas (1989) shown in Equation (8.1) for the sand, and the expression 
proposed by Melhuish (2004) for the clay given in Equation (8.2). 
 λs = 0.256 + 2.548 [1-exp(-22.94θ)]      (8.1) 
λs = λdry + (λsat – λdry)        (8.2) 
where θ  is the volumetric moisture content, λdry and λsat are the dry and saturated thermal 
conductivity of the clay soil. The variation in thermal conductivity, for the sand and clay, 
against degree of saturation is shown in Figure 8.2 
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Table 8.2 Material parameters   
Parameter Sand Clay Concrete 
Hydraulic parameters 
Saturated hydraulic conductivity, ksat (m. s
-1) 1.3x10 -3 1.02x10 -10 – 
Unsaturated hydraulic conductivity, Kl (m.s
-1) Kl = (Sl)
δ ksat ;  δ=3 – 
Degree of saturation, (%) ranges from 0 – 100%  
van Genuchten (1980) fitting parameters 
 
φ = 0.645 
ε=5.905, 
ϕ=0.831, 
θlr =0.0025, 
θls  = 0.356 
φ = 0.015 
ε=1.9, 
ϕ=0.474, 
θlr =0.0001, 
θls = 0.38 
 
 
– 
Thermal parameters 
Thermal conductivity, λ (W.m-1 K-1) λs= f (Sl) 
Soil specific heat capacity, Cps (J. kg
-1 K-1) 700 800 800 
Vapour specific heat capacity, Cpv (J. kg
-1 K-1) 1870 
Specific heat capacity of water, Cpw (J/kg K) 4200 
Other parameters 
Density, ρd (Kg.m-3) 2570 2630 2630 
Porosity, n 0.356 0.38 0.38 
Latent heat of vaporisation, L (J.kg-1) 2400000 
Henry's volumetric coefficient of solubility, Hs 0.02 
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Figure 8.2 Thermal conductivity & degree of saturation relationships for sand, and clay (after 
Singh (2007)) 
8.3.6 Soil water characteristic curve and unsaturated hydraulic conductivity 
The full range of the soil water characteristic curve (SWCC) for the sand and clay soils were 
plotted using the van Genuchten curve fitting technique given in Equation (8.3). 
  
𝜃𝑙 − 𝜃𝑙𝑟
𝜃𝑙𝑠 − 𝜃𝑙𝑟
=  [
1
1+ (𝜑𝑆)𝜀
]
𝜙
        (9.3) 
and,  
 𝜙 = 1 −
1
𝜀
         (8.4) 
Where θl is the volumetric liquid water content, θlr is the residual volumetric liquid water 
content, θls is the saturated volumetric liquid water content (i.e. taken equal to porosity), S is 
the matric suction, ϕ, ε and φ are constant fitting parameters. The SWCC parameters for the 
respective soils are given in Table 8.2. 
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The relationship between the soil degree of saturation and the matric suction is shown in 
Figure 8.3. The SWCC for sand was measured and described in Chapter 3, whereas that for 
clay was obtained from the work of Singh (2007). 
 
Figure 8.3 Soil water characteristic curves (SWCC) for sand, and clay (after Singh (2007)) 
In addition to the SWCC, another important parameter needed for the numerical simulation 
is the unsaturated and saturated hydraulic conductivity. The saturated hydraulic conductivity 
was measured and the details of the test are given in Chapter 3. To determine the unsaturated 
hydraulic conductivity (Kl) the expression proposed by Melhuish (2004) was used. It relates 
the Kl as a function of Sl, void ratio and temperature. 
  Kl = (Sl)
δ ksat          (8.6) 
where ksat is the saturated hydraulic conductivity (m/s), δ is a parameter ranging between 3 
and 10 Bӧrgesson and Hernelind (1998). 
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8.4 Numerical simulation   
This section presents the detailed description of the numerical simulations investigating the 
long-term behaviour of group of GEPs in unsaturated soils. The simulations were carried out 
by applying cyclic heating and cooling load to the surfaces of the GEPs. The heating and 
cooling loads were simulated by applying 25 W/m2 and -25 W/m2 to the GEPs respectively. 
The heating cycle was applied for 6 months followed by 6 months of the cooling cycle. In 
total, the numerical simulations of the thermal cycles were carried out for a duration of 10 
years for each soil type and degree of saturation condition. Two pile group cases were 
investigated during the numerical simulations: (1) all the GEPs in the group were heated and 
cooled collectively; and (2) alternate GEPs were heated.  
8.4.1 Case 1: Heating and cooling of all the GEPs in the group 
In this simulations, transient cyclic heating and cooling loads were applied on all the GEPs in 
the group, shown in Figure 8.1. The GEPs were subjected to cyclic heating and cooling loads, 
shown in Figure 8.4, and the changes due to temperature and moisture in the surrounding soil 
of the GEPs were investigated. The numerical simulations were conducted for a duration of 
10 years i.e. 10 cycles.  
8.4.2 Case 2: Heating and cooling of alternate GEPs in the group 
Generally, the spacing between pile foundation elements is chosen based on the structural 
requirement that provides an economical and safe design approach for the overlying and 
surrounding structures. However, in the case of geothermal energy design, the thermal load 
has no direct control over the pile spacing. Thus, in these simulations, the cyclic thermal load 
shown in Figure 8.4 was applied on to GEP-2 and GEP-4 (shown in Figure 8.1) for a duration 
of 10 years. The changes to temperature and soil moisture as a result of the cyclic thermal 
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loading were investigated for the sand and clay soils with 0 to 100% initial degree of 
saturation.   
 
Figure 8.4 Cyclic heating and cooling load for 10 years duration 
8.5 Results & discussion 
This section discusses the results of the numerical investigations of the long-term thermal 
performance of group of energy piles in unsaturated soils. The parameters and properties of 
the dry and unsaturated sand used in this study were successfully validated and discussed in 
Section 5.4.  
In addition, Section 8.5.1 presents and discusses the results of the numerical analyses in which 
all the GEPs are subjected to cyclic thermal loading. Moreover, the results of the numerical 
simulations where the cyclic thermal loads were applied on alternate GEPs are presented and 
discussed in Section 8.5.2. 
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8.5.1 Case 1: Heating and cooling of all the GEPs in the group 
8.5.1.1 Temperature evolution  
The results of temperature evolution versus time for the cyclic heating and cooling of all the 
GEPs in the group are shown in Figure 8.5. The investigation was carried out by applying a 
heat flux value of 25 W/m2 and -25 W/m2 to simulate the heating and cooling loads 
respectively. The results were obtained at locations A, B, and C as depicted in Figure 8.1. 
From the results shown in Figure 8.5, the maximum temperature observed across all the 
locations i.e. point A, B and C occurred in the dry soils (i.e. 0% Sl) for all the simulations 
carried out. The average temperature at the observed locations increases uniformly to a 
maximum value of 55.5, 60 and 56.6°C at locations A, B and C respectively for the dry sand. 
The reason why higher temperature magnitude was observed at location B could be attributed 
to the contribution of heat from the GEPs located in grid 1 and 4 towards the centre of the 
GEPs i.e. point B. Also, as the degree of saturation of the sand increases to 100%, the 
temperature at A, B and C decreases to a minimum value of 39.55, 43.65 and 42.55°C 
respectively. This signifies an average drop in temperature with a difference of about 15.95, 
16.35 and 14.05°C at locations A, B and C respectively as the soil Sl value increases from 0 
to 100%. The drop in temperature due to the increase in soil Sl is as a result of the contribution 
of moisture towards heat dissipation. This phenomenon can be explained using Figure 8.2, 
where the soil thermal conductivity significantly increases as the soil degree of saturation 
approaches 100%. Additionally, it should be noted that the maximum temperature magnitude 
was witnessed at the end of the heat injection period during the 1st cycle (i.e. end of 1 year). 
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Figure 8.5 Results of temperature evolution with time at points A, B and C for the cyclic heating and cooling of all GEPs in the group 
Chapter 8 Long-term performance of group of energy piles in unsaturated soils 
Page | 270  
The magnitude of the maximum temperature observed decreases nonlinearly with time, at a 
rate of about 2°C per year, during the 10-year period to a value of 34.5, 38.2 and 39.4°C at 
locations A, B and C respectively in the sand with 0% Sl. Similar trends were observed in the 
soil with 30, 60 and 100% Sl. 
However, during the cooling phases of the tests, the minimum temperature magnitude was 
observed during the 10th year of the heating and cooling cycles i.e. the end of the thermal 
loading. An average lowest temperature value of about -2.5, -10 and -9.8°C were witnessed 
at locations A, B and C respectively in the sand. This is directly opposite to the phenomenon 
that was observed during the heating cycle, where the maximum magnitude of temperature 
change was witnessed in the 1st thermal cycle. Furthermore, the average temperature 
magnitude during the cooling cycles decreases nonlinearly with time at a rate of about 1.67°C 
per year when the 1st and the 10th cycle of the cooling phases were compared.   
Whereas in the clay soil, the maximum magnitude of temperature change observed at the end 
of the first heating cycle were 43.3, 51.1 and 51.45°C at locations A, B and C respectively for 
the 0% Sl. The temperature magnitude at these locations decreases to a value of 37.95, 45.3 
and 44.1°C as the soil degree of saturation increases from 0% to 100% respectively. This 
shows an average temperature drop of about 5.35, 5.8 and 7.35°C as the soil saturation 
increases from 0 to 100% at locations A, B and C respectively. Similar to the trend observed 
in the sand, the greatest temperature change in the clay soil during the heat injection phase 
was witnessed in the 1st thermal cycle. The temperature magnitude during the 1st heating cycle 
decreases at an average rate of about 1.4°C per year to a value of 33.72, 33.4 and 34.65°C at 
locations A, B and C respectively during the 10th year.  
Moreover, during the cooling phases of the simulations, the major drop in temperature was 
observed in the 10th cycle of the 10 years simulations for the 0% Sl condition. At the end of 
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the 10th year heat extraction phase, an average minimum temperature value of about 13.1, 
10.95 and 8.3°C were observed at locations A, B and C respectively. In comparison to the 
temperature range witnessed at the end of the 1st cycle of the cooling phases, an average 
temperature drop of about 0.8°C per year was observed at all the locations.  
Additionally, from Figure 8.5, it can be clearly observed that the greatest temperature changes 
at all the locations were observed in the sand than in the clay soil during the cyclic heating 
and cooling simulations. This is owing to higher thermal conductivity of the sand which 
significantly increases with saturation in comparison to that of clay (Figure 8.2). The lower 
thermal conductivity values in clays permits the development of greater temperature 
magnitude around the GEPs and prevents heat from radiating away to greater distances in the 
soil domain. Whereas in the case of sand, its thermal conductivity was about twice that of the 
clay as the two soils approaches full saturation. This allow the sand to easily transfer heat to 
greater distances within the soil whilst preventing the development of greater temperature 
magnitudes at the regions close to the GEPs.  
8.5.1.2 Radial temperature distribution 
Results were obtained for the radial temperature distribution at the end of the 10th heating and 
10th cooling cycles. The results shown in Figure 8.6 were obtained at the pile mid-depth, from 
the pile labelled number 4 (or grid 4) to the farthest boundary to the right, located at 21.9 m, 
from the group of GEPs. The main purpose of obtaining these results is to understand the 
extent of the soil domain that could be influenced by the cyclic heating and cooling of the 
group of GEPs under different degree of saturation condition.  
The results of the radial temperature distribution with normalised distance at the end of the 
10th cycle is shown in Figure 8.6a for the sand and clay soils with 0 to 100% Sl conditions. 
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The maximum temperature witnessed at the end of the 10th heat injection cycle, for the sand 
and clay soils, ranges between 32 to 42°C respectively. The temperature magnitude decreases 
nonlinearly with distance, away from the group of GEPs, towards the far-field boundary to 
the right, located at a distance of 21.9 m (or 36.5 m when normalised with the GEP diameter 
of 0.6 m). Equally, the magnitude of the temperature developed with distance drops with the 
increase in soil Sl values from 0 to 100%. 
In addition, Figure 8.6b shows the minimum temperature distribution obtained at the end of 
the 10th cycle for the two different soil types. At the end of the heating and cooling cycle test, 
the greatest temperature change between -2°C to -10°C were witnessed at the pile surface, in 
the sand and clay soils having 0 – 100% Sl values. The minimum temperature associated with 
the cyclic heating/cooling effect reduces with increasing distance away from the pile. The 
largest region of temperature influence in the soil domain is about 10 and 15 times the pile 
diameter (i.e. 10-15 times GEPdiameter) for the clay and sand respectively. 
Between the two soils, greater temperature dissipation effects were witnessed in the sand 
owing to its higher thermal conductivity. This is an intrinsic property of the sand due to its 
mineralogical composition being quartz (Aggregate Industries UK Ltd, 2013), in comparison 
to that of clay soil considered in this study (Singh, 2007).  
Thus, the higher thermal conductivity value in the sand would lead to larger soil area/volume 
that could be influenced by the cyclic heating and cooling effects of the group of GEPs. 
Similarly, another important factor that significantly contribute towards heat dissipation is the 
increase in soil grain size and Sl. These two important factors, in addition to the mineral 
composition, are the main reasons that easily allow heat dissipation to a larger area in sand. 
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Figure 8.6 Radial temperature distribution at the end of 10th cycle (a) Maximum, and (b) 
Minimum  
8.5.1.3 Temperature distribution with depth  
The results of temperature with depth obtained at half the distance between the GEP–2 and 
GEP–3 (presented in Figure 8.1) are shown in Figure 8.7 for the sand and clay soils, obtained 
at the end of the 10th heating and 10th cooling cycle.  
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At the end of the 10th heating cycle or heat injection process, a temperature magnitude of 
about 39.3 and 31°C were observed along the pile-length at the equidistant of the GEP–2 and 
GEP–3, for the sand and clay respectively, having 0% Sl value. The temperature magnitude 
decreases by about 10.65 and 5.4°C for the sand and clay as the soil saturation increases from 
0 to 100%. The decrease in temperature owing to an increase in soil moisture content is as a 
result of the effect of heat transfer via convection. This is even more prominent as the soil 
grain size increases, thus allowing moisture in the form of liquid water and vapour to easily 
flow through the soil voids, as shown in the case of sand.  
       
Figure 8.7 Results of temperature distribution with depth at the end of 10th cycle (a) 
Maximum, and (b) Minimum 
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Similarly, at the end of the 10th cooling cycle or heat extraction process, a change in 
temperature of about -10.3 and -0.25°C along the pile-length were observed in the sand and 
clay soils respectively, with a degree of saturation value of 0%.  
In addition, during the cooling phases or heat extraction process, the maximum temperature 
magnitude in the soils with 30% Sl value was observed to be about -8.5 and +2°C for the sand 
and clay. Additionally, in soils with 60% Sl, the changes to the temperature magnitude 
decreases to about -7 and +4°C for the sand and clay respectively. This temperature range, 
below 0°C, are likely to cause ground freezing. Thus, it is advisable that this should be 
prevented by either spacing out the GEPs or thermally activating alternate GEPs which is later 
discussed in Section 8.5 of this study. Similarly, this temperature range can be avoided by 
reducing the amount of heat that is been extracted from the ground. In such a case, other 
alternative source(s) of energy can be used to compliment and deliver the remaining energy 
required for space heating operation.  
8.5.1.4 Degree of saturation with depth  
Figure 8.8 presents the results of the degree of saturation versus depth, obtained at half the 
distance between GEP-2 and GEP-3, for the sand and clay soils with 30 and 60% Sl 
conditions. This location was chosen because the greatest changes in temperature were 
witnessed at this position. The results were taken at the end of the 10th heating and cooling 
cycle.  
During the heat injection process or heating phase, the changes in soil degree of saturation 
along the GEP-depth remains relatively constant i.e. within 1.5% for the sand and clay soils. 
This could be attributed to the range of temperature that was witnessed during the cyclic 
heating operation. In the soil with 30% Sl values, the maximum temperature witnessed is 36 
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and 30°C for the sand and clay soils. Similarly, with soils having 60% Sl values, the maximum 
temperature magnitude observed was about 32.5 and 28.3°C for the sand and clay respectively 
(Figure 8.7). This temperature range is not expected to cause the significant drying of the soil 
at the observed location. 
    
Figure 8.8  Results of the degree of saturation with depth for the cyclic heating and cooling of all 
GEPs in the group 
8.5.2 Case 2: Heating and cooling of alternate GEPs in the group 
8.5.2.1 Temperature evolution  
The results of temperature evolution with time for the cyclic heating and cooling of alternate 
GEPs in the group is shown in Figure 8.9 for the sand and clay soils with 0 to 100% Sl. In the 
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course of these analyses, a heat flux of +25 W/m2 and -25 W/m2 were applied at the surface 
of the GEPs in grid 2 and 4 to numerically simulate the effect of cyclic heat injection and 
extraction associated with energy piles. The main rationale behind carrying out this analyses 
is to understand the heat flow behaviour as a result of the increase in the spacing between 
GEPs in a group.  
From Figure 8.9, the maximum temperature magnitude of about 48.15, 35.15 and 38.15°C 
were observed at locations A, B and C during the 1st cycle. The temperature magnitude 
decreases to about 35.45, 26.65 and 29.55°C as the soil Sl value increases from 0% to 100% 
for the sand. The drop in temperature is associated to the contribution of soil moisture towards 
heat dissipation away from the thermally activated GEPs.  
The temperature changes in the 1st heating cycle at locations A, B and C drops nonlinearly at 
a rate of about 1.2°C per year to about 33.95, 22.55 and 26°C in the 10th cycle of the heat 
injection and extraction process. Equally, as the soil saturation increases to 100%, the 
magnitude of temperature changes at the observed locations further decreases at a rate of 
about 0.9°C per year to a value of 25.1, 18.6 and 20.8°C respectively. 
At the end of the 1st cooling cycle of the simulations, the maximum temperature observed at 
locations A, B and C were found to be 5.1, 14.05 and 8.3°C and the magnitude of the 
temperature changes decreases to about 9.35, 14.65 and 11.8°C  as the degree of saturation of 
the sand increases from 0 to 100%. However, at the end of the 10th cycle, temperatures of 
about -8.15, 4.15 and 0.45°C were observed in the sand with 0% Sl. As the soil Sl increases to 
100%, the changes in temperature magnitude caused by the cooling load decreases to about 
1.45, 8.8 and 5.1°C at the observed locations respectively.  
Figure 8.9 also presents the results of temperature evolution at locations A, B and C for the 
clay soil with Sl values ranging from 0 to 100%. The maximum temperature magnitude 
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occurred during the 1st thermal cycle. Similar to the sand, the highest temperatures were 
observed in soil with 0% Sl values. During the 1
st cycle, a temperature of about 40.4, 29.8 and 
34.55°C were witnessed at locations A, B and C respectively. The temperature magnitude 
decreases to 32.8, 24.45 and 27.25°C as the clay soil saturation increases to 100%. In 
comparison to the 10th cycle, the temperature at the observed locations decreases nonlinearly 
to about 27.85, 24.55 and 25.7°C respectively. The values further decreases down to about 
22.85, 19.65 and 20.8°C as the soil reaches full saturation. However, during the 1st cycle, the 
minimum temperature observed in the clay soil were 20.85, 16.6 and 15.95°C respectively, 
which similarly further decreases to about 14.45, 15.9 and 14.1°C as the clay reaches 100% 
saturation. In the 10th cooling operation or heat extraction process, the temperature values 
decreases linearly at a rate of about 0.7°C per year due to the cumulative heat extraction to a 
value of about 8.4, 11.2 and 11°C respectively. In addition, the temperature observed at the 
10th cooling cycle in the clay with 0% Sl, further decreases to 9, 11.5 and 8.05°C as the Sl 
value increases to 100%. 
Thus, it was observed that the phenomenon of cyclic heat injection and extraction results in a 
nonlinear temperature decrease within the sandy soil domain, with the rate of temperature 
decrease declining with increasing thermal cycle. However, in the clay soil, the phenomenon 
was observed to follow a linear pattern. Perhaps, this could be associated with the inherent 
properties of the soils such as mineralogy, grain size distribution and other thermal and 
hydraulic properties, which governs the flow of heat from the heating source. In the sand, the 
higher thermal and hydraulic properties help in easily dissipating the thermal load from the 
GEP. Whereas in the clay, these properties are quite moderate and thus allowing a very slow 
heat dissipation process. 
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Figure 8.9 Results of temperature evolution with time at points A, B and C for the cyclic heating and cooling of alternate GEPs in the group 
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In addition, it was observed that the soil degree of saturation results in positive influence on the 
thermal performance of the GEP. In heat injection mode (i.e. space cooling mode), the soil 
moisture help in easily dissipating the heat being injected by the heat pump system to the 
surrounding soil. Thereby, preventing excessive temperature build up in the soil surrounding the 
piles. This effect rises as the soil saturation increases and reaches maximum at Sl value of 100%. 
Whereas, during heat extraction from the ground (i.e. space heating), the soil temperature 
decreases depending on the rate of the cooling load superimposed on to the GEP elements. The 
presence of soil moisture helps in ensuring that the excessive heat extraction does not cause 
ground freezing. Thus, as observed in the myriads of numerical simulations carried out, the 
minimum sub-zero temperature observed was in the soil with 0% Sl. However, as the initial soil 
Sl value increases, the lowest temperature magnitude remains above 0°C throughout the 10 years 
of numerical simulations. The effect further decreases as the soil Sl increases towards 100%. 
Furthermore, lower temperature values were observed at all the locations in the simulations 
where alternate GEPs were thermally activated in comparison to heating or cooling of all the 
GEPs in the group. The temperature difference of about 10°C or more were observed especially 
in the drier soils and that with lower Sl values. However, the temperature difference decreases as 
the soil saturation increases for the sand and clay soils respectively. In addition, this approach is 
useful especially where piles are closely situated next to each other. In such a case, alternate 
GEPs can be thermally activated to maximise the thermal performance of the GEP system.  
8.5.2.2 Radial temperature distribution  
Figure 8.10a presents the results of radial temperature distribution versus normalised distance 
obtained at the end of the 10th heating cycle for the sand and clay soils. The maximum 
temperature distribution at the observed location (distance between GEPs to the far-field 
boundary to the right of the GEPs, located at a distance of 21.9 m or 36.5 m when normalised 
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with the GEP diameter of 0.6 m) ranges between +32 and 43°C for the sand and clay soils. The 
magnitude of temperature distribution decreases nonlinearly with distance away from the group 
of GEPs. The maximum region of temperature influence within the clay and sand soils ranges at 
a maximum normalised distance of about 10 to 15 times the pile diameter respectively. 
In addition, Figure 8.10b shows the temperature distribution with normalised distance at the end 
of the 10th cooling cycle. The observed changes in radial temperature distribution ranges between 
-2 to -12°C for the sand and clay soils respectively. The temperature magnitude decreases with 
an increase in soil saturation. Similar to the case of the heat injection cycle, the region of thermal 
influence around the group of GEPs lies at a distance of about 10 to 15 times the diameter of the 
GEP for the clay and sand respectively. 
Similar range of temperature magnitudes were observed when the results of radial temperature 
distribution for thermally activating all the GEPs shown in Figure 8.6 are compared with the 
results where alternate GEPs were thermally activated in the group as shown in Figure 8.10. This 
could be as a result of the fact that in all the cases, the GEP in the 4th column or grid was thermally 
activated. Thus, indicating that the radial temperature distribution was as a result of the heat 
emanating from the GEP in grid 4.  
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Figure 8.10  Radial temperature distribution with normalised distance at the end of 10th cycle  
(a) Maximum, and (b) Minimum  
8.5.2.3 Temperature distribution with depth  
Figure 8.11 shows the results of temperature magnitude versus depth obtained at half the distance 
between GEP-2 and GEP-3 for the sand and clay soils. The Figure 8.11a shows the results 
obtained at the end of the 10th heating cycle for the two soils with Sl values ranging from 0 to 
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100%. In the soil with 0% Sl value, a maximum temperature magnitude observed at this location 
was about 24.15 and 20.95°C for the sand and the clay soils respectively. The temperature 
magnitude decreases to about 19.3°C for the two soils as the soil saturation reaches maximum.  
       
Figure 8.11 Results of temperature distribution with depth at the end of 10th cycle  (a) 
Maximum, and (b) Minimum  
However, at the end of the 10th cycle during cooling period, the maximum temperature 
magnitude witnessed along the pile-depth was about 4 and 8.7°C for the sand and clay soils 
respectively in a fully dry state, as shown in Figure 8.11b. The temperature magnitude decreases 
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to about 7.75 and 11.1°C for the sand and clay soils respectively as the soil saturation reaches 
100%.  
Furthermore, when the temperature distribution versus depth for the two cases:  (1) where all the 
four GEPs were heated and cooled together, and (2) thermally activating alternate GEPs, 
investigated in this study are compared; it was observed that thermally activating alternate GEPs 
results in lower temperature distribution at the location where the results were obtained i.e. half 
the distance between GEP-2 and GEP-3. This could be attributed to the fact that the GEP-1 and 
GEP-3 were not thermally activated. Thus, the associated contribution of thermal changes due 
to the cyclic heating and cooling loads are absent on the thermally inactive GEPs. Whereas, in 
the case where all the GEPs were thermally activated, the GEP-2 and GEP-3 equally contributed 
to the thermal changes that took place at the center of the two piles. 
8.5.2.4 Degree of saturation with depth  
The results of the degree of saturation with depth, obtained at half the distance between GEP-2 
and GEP-3, for the sand and clay soils having 30 and 60% Sl conditions are shown in Figure 
8.12. The results were obtained at the end of the 10th heating and cooling cycle of the numerical 
analyses carried out by thermally activating alternate GEPs in grid 2 and 4.  
At the end of the 10th cycle during the cooling period, the changes in the degree of saturation of 
the sand and clay soils along the GEP-depth was found to be within 1% for both the 30 and 60% 
Sl values. Thus, the changes are considered negligible at this particular location. Perhaps, this is 
associated to the maximum temperature magnitude witnessed at this location, which was in the 
region of about 22 and 20°C for the 30 and 60% Sl, for both the two soils at the end of the 10
th 
heat injection process.  
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Figure 8.12 Results of the degree of saturation with depth for the cyclic heating and cooling of 
alternate GEPs in the group 
However, at the end of the 10th cycle during the cooling period for the 30% Sl value, a maximum 
temperature of about 4.7 and 9.6°C were observed for the sand and clay soils. In addition, the 
soils with 60% degree of saturation had a temperature of about 5.6 and 10.3°C for the sand and 
clay respectively. Thus, the temperature range are unable to cause any major changes to the 
initial degree of saturation.  
Furthermore, the results of degree of saturation involving the case where all the GEPs were 
thermally activated and that of heating and cooling of alternate GEPs are compared and discussed 
here. In the case where all the GEPs were heated, the applied thermal load resulted in the 
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0
5
10
15
20
25
30
35
40
45
50
0.3 0.31 0.32
D
ep
th
 (
m
)
Degree of Saturation (Sl)
30%-Clay-Heating
30%-Sand-Heating
30%-Clay-Cooling
30%-Sand-Cooling
0
5
10
15
20
25
30
35
40
45
50
0.62 0.63 0.64
D
ep
th
 (
m
)
Degree of Saturation (Sl)
60%-Clay-Heating
60%-Sand-Heating
60%-Clay-Cooling
60%-Sand-Cooling
Chapter 8 Long-term performance of group of energy piles in unsaturated soils 
Page | 286  
heat extraction mode resulted in lower temperatures in the sub-zero range. The minimum 
temperature magnitude of about -10°C was observed which could result in ground freezing. This 
temperature is expected to keep decreasing with increasing thermal cycles. Thus, this should be 
avoided by controlling the heat that is extracted from the system to ensure that the overall thermal 
performance and geotechnical behaviour of the GEP is not jeopardised. 
Also, subjecting alternate GEPs to thermal cyclic loading resulted in temperature changes that 
are above 0°C within the sand and clay soils. Thus, the energy loops should be placed in alternate 
GEPs in situations where ground freezing are likely to occur to safeguard the system against any 
possible failure and ensure that its primary (structural integrity) and secondary (energy need) 
functions are not in any way put at risk.  
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8.6 Conclusions 
This chapter presents the results of series of numerical investigations carried out on Leighton 
Buzzard sand and kaolin clay with initial degree of saturation ranging between 0 to 100%. The 
main aim of the analyses was to investigate the long-term thermal and hydraulic behaviour of 
group of energy piles installed in unsaturated soils. The simulations were carried out by applying 
a cyclic transient heating and cooling loads on the GEPs for a total duration of 10 years. The 
thermal load pattern comprises of 6 months of heating followed by 6 months of cooling in each 
year. 
In addition, the numerical simulations investigated two cases including: (1) a case where all the 
GEPs in the group are thermally activated and (2) where alternate GEPs are activated thermally. 
It was found that: 
 The maximum temperature magnitude in all the simulations were observed at point B, i.e. 
mid-point for all the group of GEPs. This could be as a result of the contribution of heat 
radiating from all the four GEPs towards the centre (point B). In addition, the temperature 
magnitude at this locations and all the other locations decreases as the initial degree of 
saturation of the soil increases from 0 to 100% in the sand and the clay soils. 
 Similarly, the temperature magnitudes at locations A, B and C were observed to be higher 
in the sand than in clays. This does not in any way disagree with the findings in Chapter 8, 
where at locations close to the GEP, greater temperature magnitudes were observed in the 
clay soil. This phenomenon can be described based on the thermal conductivity of the two 
soils: sand and clay. The lower thermal conductivity values in clays permits the 
development of greater temperature magnitude around the GEPs and prevents heat from 
radiating away to greater distances in the soil domain. Whereas in the case of sand, its 
thermal conductivity was about twice that of the clay as the two soils approaches full 
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saturation. This allow the sand to easily transfer heat to greater distances within the soil 
whilst preventing the development of greater temperature magnitudes at the regions close 
to the GEPs. Similarly, the soil permeability is another factor which is greater in sands and 
allow heat to be easily transferred via convection due to its porous nature than in clays.   
 In addition, the continuous heating and cooling cycles of the GEPs, during the 10 years of 
numerical simulations, resulted in continuous decrease in temperature trend at all the 
observed locations (i.e. A, B and C respectively). This could be as a result of the continuous 
heat injection and extraction mode without allowing the system any opportunity to recover 
throughout the period of the numerical simulations. However, as shown in Chapter 8, 
adopting transient heating and cooling mode of operations permits the soil domain to 
naturally recover and prevent excessive heat build-up or deficit in the soil. This is 
important in safeguarding the long-term thermal performance of the system. 
 Furthermore, it was shown that thermally activating some selected and alternate GEPs in 
the group results in lower temperature magnitude at all the observed locations in the soil 
domain, and the temperature change decreases with increase in soil saturation. This is as a 
result of the increase in the spacing between the GEPs that are thermally activated, thus 
allowing greater soil volume for heat rejection and solicitation. This is especially important 
where the structural pile foundation elements are situated close to each other, and or where 
they are installed in problematic clays. This could lead to the heaving or contraction of the 
clays and the GEPs due to excessive heat injection or extraction.  
 The range of temperature magnitude witnessed in the soils for the 30 and 60% initial degree 
of saturation ranges between -8.5 and 36°C during the heating and cooling cycles 
respectively. This temperature range is not large enough to cause any significant moisture 
evaporation away from the surfaces of the GEPs. Hence, the changes to the initial soil Sl 
values was within 1.5% in situation where all the GEPs are thermally activated. 
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Chapter 9 
Conclusions and recommendations for future research 
9.1 Introduction 
This research work began with an aim of investigating the heat and moisture flow in soils under 
geothermal energy pile application via laboratory experiment and numerical means. The main 
objectives of this study were defined in Chapter 1 as: 
[1.] Provide an extensive and thorough literature review on the behaviour of GEPs under 
coupled thermal and mechanical loading. The review reports the current state of the art of 
the GEP and organises the literature according to the thermo-mechanical and thermal 
performance of the system based on several field-scale, laboratory and numerical 
investigations reported.  
[2.] Design a laboratory scale experimental test set-up to investigate the thermal performance 
of an energy pile cross-section, embedded in unsaturated sand, under geothermal energy 
application.  
[3.] Develop the theoretical and numerical formulation for heat and mass transfer in GEPs.  
[4.] Perform a validation exercise for the numerical model via the use of analytical equations 
and experimental results obtained from laboratory studies set out in objective 2. 
[5.] Conduct a numerical investigation on the thermal interaction and heat flow behaviour 
within a GEP and how it varies with the number of energy loops installed in the pile, 
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location of the loops within the pile, soil and concrete thermal conductivity, and specific 
heat capacities of the soil and concrete.  
[6.] Numerically investigate the effect of soil hydraulic properties including soil water content, 
hydraulic conductivity, soil water retention properties; soil thermal properties and soil 
types (sand, silt and clay) on their heat flow behaviour under geothermal energy 
application. 
[7.] Numerically investigate the effect of heat and moisture transfer in soil and how it differs 
as the soil saturation increases towards full saturation. Similarly, to understand how the 
flow of heat and moisture varies with soil grain size distribution for sand, silt and clay 
soils respectively. 
[8.] Carry out a numerical investigation on the effect of intermittent and continuous heating or 
cooling operation on the behaviour of GEPs. Also, to understand the behaviour of the 
different soils under natural recovery and how it varies across the sand, silt and clay soils. 
[9.] Carry out a numerical study to investigate the long-term thermal performance of group of 
energy piles under cyclic heating and cooling loads. Additionally, to understand the effect 
of the spacing between group of GEPs and how it affects the heat and moisture flow in 
sand and clay soils. 
Thus, it is claimed that each one of the above objectives has been successfully achieved and 
completed. The following sections presents the main conclusions from each chapter, the overall 
conclusion and recommendations for future research in this area.  
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9.2 Literature review   
An extensive review of literature has been carried out and presented in Chapter 2 of this thesis. 
The chapter reviewed and reported previous work on the thermo-mechanical behaviour and 
thermal performance of geothermal energy piles. The chapter is structured by first highlighting 
the technological background and working principles of the system. Secondly, environmental 
factors affecting the performance of the GEP system were identified and also reported. 
Additionally, the necessary steps and considerations that are required to be taken note of during 
the planning, design and construction stages of the GEP system were described. Furthermore, 
the findings from literature on the thermo-mechanical behaviour and the thermal performance 
of the GEPs were presented.  
After carrying out the literature review, it was observed that numerous researchers have shown 
that equipping a conventional pile with energy loops have an effect on the response of the GEP. 
Where the GEP is subjected to heating and/or cooling load, it results in an expansion and 
contraction of the GEP, relative to the applied thermal load. This results in an increase and 
decrease in stresses and the pile shaft capacity as the GEP expands and contracts respectively. 
However, the rate of heat injection and extraction process from the soil and the GEP is controlled 
by the heat pump system, which ensures that extreme temperature changes are not superimposed 
onto the GEP and its surrounding soil. This is to ensure that the primary function of the pile, i.e. 
for structural support, is not jeopardised. Thus, the range of temperatures imposed on a 
conventional, well and carefully designed GEP, would not result in any permanent detrimental 
effect. This was observed and reported by several researchers that the effects of the heating and 
cooling cycles behave in a thermo-elastic manner i.e. it is reversible and may not result in plastic 
damage to the piles, and consequently the super structure.  
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In addition, it was also found that the thermal performance of the system can be improved via 
factors such as increasing the number of installed loops, loops location, thermal conductivity, 
groundwater flow, soil type and grain size, and the type of heating or cooling load application 
process i.e. intermittent and continuous modes. However, despite the significant contributions 
made in improving the thermal performance of the system, there is still a shortage of knowledge 
in the understanding of the heat flow characteristics within the GEP and the thermal interaction 
between installed loops. Similarly, there is the need for further understanding of the behaviour 
of GEPs in unsaturated soils and how that differs with soil types. 
9.3 Laboratory experiment design, set-up and methodology 
Chapter 3 presented the laboratory experimental design, the set-up process and methodology for 
carrying out the preliminary tests for material characterisation. The main aim of the test is to 
investigate the effect of cyclic heating and cooling loads on an energy pile cross-section installed 
in sand having a dry, unsaturated and saturated initial degree of saturation conditions. 
In addition, the sensors used for measuring the transient temperature and relative humidity were 
described. The integrity of the sensors were checked, using sodium chloride salt solution and 
ice, to ensure that the results they produced are reasonable and accurate. Furthermore, 
preliminary tests including particle size distribution, hydraulic conductivity or permeability and 
thermal conductivity tests, and their procedure were described and the various results presented. 
Where possible, the results obtained were compared with that available in literature and were 
found to be within reasonable limits. 
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9.4 Numerical model development and validation 
The numerical modelling development and validation exercises for the different numerical 
simulations have been presented in Chapter 4. The validation carried out is essential to check 
the accuracy of the developed numerical models in predicting real life scenarios in the form of 
results from field scale experiments, laboratory tests and analytical equations. In this study, the 
validation exercise was carried out using the results obtained from analytical equations and 
laboratory experiments, described in full details in Chapter 4.  
In the first case scenario, the validation was carried out via the use of different available 
analytical equations, described in Section 4.2, for the heat transfer via a GEP heat exchanger. 
The results were found to be very promising and do not differ by more than 0.3% when the 
results of the numerical simulations and analytical equations were compared. 
Secondly, laboratory scale experiments reported by Singh (2007) on unsaturated clays and the 
tests carried out on dry and unsaturated Leighton Buzzard sand, described in Chapter 3 and 6 of 
this thesis, were used for further validation. The reason for the additional exercise is to check 
and verify the numerical models in accurately predicting the flow of heat and moisture in 
unsaturated clays and sand. Similarly, it allows for the opportunity of verifying the constant 
parameters, such as curve fitting parameters for van Genuchten (1980) model, that were adopted 
or estimated and used in the different numerical simulations. All the results of temperature and 
degree of saturation were found to be in agreement, when the numerical modelling and 
experimental results were compared. Thus, the exercises were deemed successful. 
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9.5 Numerical investigation of the heat flow behaviour in an energy pile 
Chapter 5 presented a series of numerical investigations carried out to investigate the heat flow 
behaviour in a geothermal energy pile heat exchanger. A transient thermal analyses was carried 
out using two dimensional planar models of the GEP cross-section. The simulations were carried 
out to further gain an appreciable understanding into the heat flow behaviour within a GEP by 
investigating the effect of factors such as number of energy loops installed, their location, 
thermal conductivity, specific heat capacity, and the influence of central steel in CFA piles 
towards thermal interaction.  
The results showed that heat flows between the inlet and outlet leg(s) within a GEP and becomes 
significant after a steady state is reached. This normally occurs in a duration of about 3 to 5 days 
depending on the geometrical dimension of the geothermal energy pile heat exchanger. 
Similarly, the number of installed loops is the major contributing factor towards higher 
magnitude of heat flow within the GEP. Although this has its own positive significance, towards 
increasing the amount of heat that can be sourced or transferred back to the ground, but the 
overall performance of the system should not be overlooked. Especially in long-term scenario 
where excessive heat injection or extraction could render the system inoperable. Furthermore, 
loops location and the thermal conductivity of the concrete GEP and the surrounding soil were 
also found to be of great benefit towards the thermal performance of the system. All these factors 
were found to have an influence on the temperature distribution at the circumference of the GEP, 
and consequently, the surrounding soils.  
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9.6 Thermo-hydraulic tests on a geothermal energy pile installed in 
Leighton Buzzard sand 
The results of a laboratory investigation on an energy pile cross-section have been presented in 
Chapter 6 of this work. The aim of the experiment was to investigate the behaviour of an energy 
pile in a dry, unsaturated and saturated conditions at a laboratory scale. More importantly, it 
presented and facilitated the design and development of a cheap and cost-effective laboratory 
experimental set-up which can be adopted and used by other researchers especially where 
limited or no funding grants are available.  
The results showed that the maximum temperature readings were observed at the central axis of 
the GEP cross-section. The magnitude of the maximum axial temperature decreases with an 
increase in the initial degree of saturation of the soil. Similarly, no significant drying was 
observed in the Leighton Buzzard sand. This is solely as a result of the range of temperatures 
that the energy pile cross-section was superimposed with, being in the region of about 15 to 
35°C. At the end of all the short term tests, it was observed that the initial temperature at all the 
monitored points in the pile and the soil were able to recover back to near ambient state after 
two days of natural recovery period. 
9.7 Unsaturated soils response under geothermal energy pile application 
The results of series of numerical studies on the behaviour of a geothermal energy pile in sand, 
silt and clay soils are presented in Chapter 7. The numerical simulation was conducted for a total 
duration of 9 months: 3 months of heat injection plus 6 months for recovery period. The effect 
of the different soil types, the heat injection modes and the increase and decrease of the injection 
rates were investigated. The results were presented and discussed in Section 7.5 of the chapter, 
and it was found that: 
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 The magnitude of temperature rise in the soil surrounding the pile decreases with 
increasing soil saturation. In other words, increase in soil water content has positive 
significance on the longevity and performance of the GEP system, because it prevents 
excessive temperature build-up, which dissipates away from the pile surface due to 
temperature gradient and mass transfer associated with it. Thus, ensuring that near initial 
temperature is maintained in the soil domain surrounding the pile.  
 The soil grain size or grain size has a significant influence on the temperature distribution 
around the GEP. In sand, the soil porous nature allow moisture to easily flow in the voids, 
and in doing so transport heat away from the pile surface. It was observed that it took 
about 2 days for heat to flow to a distance of 0.5 m from the pile. The duration, increases 
to 3 and 4 days, as the soil fineness increases from silt to clay respectively.  
 The thermally active region in the soil domain under the influence of the transient heating 
process, for the sand, silt and clay soils, was found to be at a radial distance of 6, 5 and 4 
m, respectively. However, this could likely vary in situations where groundwater flow 
with high flow velocity exists, especially in large granular soils. Nonetheless, the results 
reveal an insight into the optimum spacing that should be allowed between energy piles 
installed in group under different ground conditions i.e. soil type and saturation. 
 The heat injection/extraction rate has significant influence on the heat build-up in the 
surrounding soil. Increasing the injection rate results in greater temperature changes in the 
soil, for the sand, silt and clay soils, with the temperature magnitude decreasing with 
increasing soil saturation. This results in the drying of the soil next to the pile, thus 
lowering its thermal conductivity and consequently the overall GEP system performance. 
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 It is recommended that the soil moisture should be taken into consideration during the 
design process of the energy pile system. Because the pore water aid in preventing 
excessive temperature build-up in soil, which would render the system non-usable or less 
efficient. However, in situations where higher temperature are expected due to higher 
injection rate or very low soil Sl value, then an automated control management system 
should be installed to monitor the system and deliver the required energy needed in order 
to ensure the short-term and long-term efficiency of the GEP system. 
9.8 Long-term thermal performance of group of energy piles in 
unsaturated soils 
The results of the long-term numerical investigations on the behaviour of group of GEPs 
installed in dry, unsaturated and saturated Leighton Buzzard sand and clay soils are presented 
in Chapter 8. The simulations were carried out for 10 years. Two cases were numerically 
investigated including: (1) where all the GEPs in the group are thermally activated and (2) where 
alternate GEPs are activated thermally in order to increase the spacing between individual GEPs 
within a group. Section 8.5 of the chapter presented and discussed the results of the long-term 
thermal performance of group of energy piles in unsaturated soils. It was found that: 
 Higher magnitudes of temperature were observed in the Leighton Buzzard sand, at greater 
distances from the GEPs, in comparison to that in clays. This is as a result of the higher 
thermal conductivity of the sand which easily allow heat to radiate away from the GEP 
surfaces into the soil domain. The observed maximum temperature at all the points 
decreases as the soil initial degree of saturation increases from 0 to 100%.  
 The trends of maximum temperature magnitude observed at all the points, decreases over 
the 10 years of the numerical simulations as a result of the continuous heating and cooling 
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process of the group of GEPs. This could be attributed to the mode of operation of the 
GEP system, i.e. continuous heat injection and extraction process superimposed on to the 
GEPs, without allowing the system any time to recover from the thermal solicitation 
process. However, where transient mode of operation is superimposed on a GEP, as shown 
in Chapter 8, the soil recover back to near initial state. Thus, ensuring the longevity of the 
system and guarantee long-term system thermal performance. 
 Furthermore, it was shown that the spacing between GEPs in group is highly important in 
enhancing the overall performance of the system. In situations where the structural piles 
are located in very close proximity to each other, alternate piles should be selected and 
equipped with energy loops to increase the spacing between the thermally activated GEPs.  
9.9 Overall Conclusions 
This research study has presented the laboratory scale experiments and numerical simulations 
carried out with the aim of investigating the thermo-hydraulic performance of geothermal 
energy piles installed in unsaturated soils.  
Firstly, a parametric study was carried out which investigated the heat flow behaviour in an 
energy pile cross-section. The investigation showed that the most significant factor that 
influences the heat transfer in an energy pile is the number of loops installed in the pile concrete. 
This is as a result of the larger surface area provided by the higher number of installed loops 
towards heat transfer. However, it was also shown that this results in higher possibility of 
thermal interaction or thermal exchange between individual legs of the loop(s). Thus, this effect 
can be minimised by maintain greater shank spacing between the inlet and outlet legs of loops. 
In rotary bored piles, the energy loops can be attached to the steel cage, thus placing them near 
the perimeter of the pile to easily radiate heat away. Whereas in contiguous flight auger piles, 
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the use of spacers should be employed to separate and provide a spacing between the loops. 
Similarly, it was found that the use of steel bar for rigidity in CFA GEPs presents an expensive 
alternative and results in higher thermal interaction between the loops. Thus, a more cost friendly 
and energy efficient approach is the use of plastic bars of adequate strength in order to minimise 
the heat flow between the energy loops due to their poor thermal conductivity. In addition, 
thermal conductivity also influences the rate of heat transfer in the GEP and its surrounding soil. 
Secondly, a laboratory experiment on a cross-section installed in Leighton Buzzard sand was 
carried out to gain a physical appreciation and an understanding of the thermo-hydraulic 
performance of GEPs installed in unsaturated soil conditions. It was observed that the maximum 
temperature magnitude was witnessed at the central axis of the GEP cross-section, and the 
temperature decreases as the initial degree of the saturation of the surrounding sand increases. 
Similarly, the new test set-up designed and used in this study presents a cost effective approach, 
of successfully understanding the behaviour of GEPs in a laboratory scale, which can be adopted 
and used by other researchers especially where funding grants are limited.   
Thirdly, a numerical investigation on the performance of a single GEP superimposed with a 
heating load was investigated. The findings showed that the mode of operation of the thermal 
load application, i.e. either continuous or transient, has a significant implication on the 
temperature distribution in the GEP and its surrounding soil. Greater temperature magnitudes 
were observed in the continuous heat injection mode as compared to the transient heating 
approach. Similarly, the magnitude of temperature developed in the GEP and the surrounding 
soil increases with the decrease in soil grain size distribution i.e. larger temperature magnitudes 
were observed in clays, followed by the silt and sandy soils. However, this could be attributed 
to the soil intrinsic thermal properties which are higher in sand, followed by the silt and clays. 
Additionally, the heat injection results in the development of higher temperature magnitude, 
Chapter 9      Conclusions and recommendations for future research 
Page | 300 
which causes the drying of the soil next to the GEP. This is important where the system is used 
for heat storage.  
Lastly, a numerical study of the long-term behaviour of group of energy piles installed in a dry, 
unsaturated and saturated soil conditions was carried out. The investigation focussed on 
understanding two case scenarios: (1) where all the GEPs in the group are thermally activated 
and (2) where alternate GEPs are activated thermally in order to increase the spacing between 
individual GEPs within a group. The results showed that superimposing all the GEPs with a 
thermal load increases the global temperature within the domain which could be a problem to 
the system’s structural integrity especially in problematic clays. Thus to prevent this effect, 
alternate GEPs can be thermally activated thereby increasing the region of thermal influence 
between the group of energy piles. This positively contributes towards ensuring the longevity of 
the system. 
  
Chapter 9      Conclusions and recommendations for future research 
Page | 301 
9.10 Recommendations for future research  
This thesis explores the numerous literature and identified the need to investigate the thermal 
performance of geothermal energy piles in unsaturated soils. This aim has been investigated via 
the use of laboratory experiment and numerical simulations on the thermal and hydraulic 
behaviour of GEPs in different soil types. However, there is still the necessity for conducting 
further research in this area to enable and promote greater understanding which will result in 
successful planning, design and installation of these systems.  
The use of additives with high thermal conductivity also known as high thermally conductive 
fillers to the concrete mix to improve its heat transfer mechanism have been reported by other 
researchers. This should be done with caution considering the fact that the thermal performance 
of the system rely upon the temperature gradient at the inlet and outlet of the GEP unit(s). 
Otherwise, it would negatively impact on the thermal performance of the system. This is 
especially prone in CFA piles where the temperature gradient of the heat carrier fluid is not 
significant. Thus, could lead to short circuiting of the system. Possible ways of minimising this 
should be looked into by applying the thermal conductive fillers to the outer core of the GEP 
rather than in the shank spacing area between the energy loops.  
Equally, the internal core of the GEP or the shank spacing area between adjacent energy loops 
should be constructed using a thermally inactive concrete mix to further decrease the heat 
transfer between the energy loops. This could positively increase the temperature gradient of the 
HCF and consequently improve the thermal performance. Future studies should looked into the 
short-term and long-term effect of this set-up on the overall GEP performance. 
Furthermore, the internal core of the GEP or the shank spacing area can be used for heat storage 
purposes. This can be achieved via the use of additives that could absorb heat during heat 
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injection, to achieve space cooling, and release it when it is required to achieve space heating. 
The ability of the additives to absorb and store heat minimises the amount of heat that will be 
transferred to the surround soil. Thus, prevent the occurrence of any plastic thermal changes in 
the soils especially in problematic soils like clays, or avoid unnecessary heat losses to the 
surrounding environment where groundwater flow exist. 
In addition, this thesis has shown that the increase in soil degree of saturation has a positive 
influence on the performance of the GEP system both in short and long-term. However, other 
natural events including the effect of precipitation, surface run-off (prone in borehole heat 
exchangers), and groundwater flow (especially in coarse soils) will impact on the thermal 
performance of the system. Thus, the short-term and long-term influence of soil saturation on 
the thermal performance of geothermal energy piles should be investigated. Also, it is 
anticipated that precipitation events may result in the GEP to be embedded in partially or fully 
saturated condition in coarse soils (sands). This results in saturation and desaturation 
phenomenon. Hence, research into the short-term and long-term effects of cyclic saturation and 
desaturation of the surrounding soil under geothermal energy piles application should be 
investigated.  
Moreover, social issues related with the geothermal energy pile systems should also be 
investigated. Qualitative and quantitative studies looking at users’ perception towards such 
systems should be carried out. The research should answer some psychological questions related 
to the users’ satisfaction, in terms of installation costs, overall energy usage before and after the 
system installation. Similarly, possible noise issues and the user’s perception about the space 
required for system installation in situation where land is highly valuable should also be 
investigated. Additionally, ways of encouraging the patronage of such systems should be 
investigated targeting governmental agencies, specifically legislative bodies of government to 
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put laws that prevent the installation of environmentally harmful energy systems in new 
buildings. This would offer a change in mindset and serves as a major step towards reducing 
GHG emissions and their associated negative effects. 
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Appendix 1: Arduino Code  
/*! 
* @file DFRobot_SHT20_test.ino 
* @brief DFRobot's SHT20 Humidity And Temperature Sensor Module 
* @n This example demonstrates how to read the user registers to display resolution and other 
settings. 
* Uses the SHT20 library to display the current humidity and temperature. 
* Open serial monitor at 9600 baud to see readings. 
* Errors 998 if not sensor is detected. Error 999 if CRC is bad. 
* Hardware Connections: 
* -VCC = 3.3V 
* -GND = GND 
* -SDA = A4 (use inline 330 ohm resistor if your board is 5V) 
* -SCL = A5 (use inline 330 ohm resistor if your board is 5V) 
*/ 
#include <Wire.h> 
#include "DFRobot_SHT20.h" 
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DFRobot_SHT20 sht20; 
void setup() 
{ 
Serial.begin(9600); 
Serial.println("SHT20 Example!"); 
sht20.initSHT20(); // Init SHT20 Sensor 
delay(100); 
sht20.checkSHT20(); // Check SHT20 Sensor 
} 
void loop() 
{ 
float humd = sht20.readHumidity(); // Read Humidity 
float temp = sht20.readTemperature(); // Read Temperature 
Serial.print("Time:"); 
Serial.print(millis()); 
Serial.print(" Temperature:"); 
Serial.print(temp, 1); 
Serial.print("C"); 
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Serial.print(" Humidity:"); 
Serial.print(humd, 1); 
Serial.print("%"); 
Serial.println(); 
delay(1000); 
} 
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Appendix 2: Theoretical and Numerical 
Formulations 
A2.1 Theoretical formulation-General aspects  
The soil media is considered to be a three–phase system comprising of a solid skeleton, pore 
water and pore air. The solid skeleton is often referred to as soil matrix. The pore air consists of 
dry air and dissolved air or water vapour. In this study, the flow of moisture, air and heat energy 
in a soil media are considered. Moisture is considered to be the total water that exists within the 
pore spaces in the form of liquid and vapour. The transfer of moisture and that of pore air are 
both governed by the law of conservation of mass. The heat transfer is governed by the law of 
conservation of energy through conduction, convection and the phase change via latent heat of 
vaporisation. Radiation effect is assumed negligible within the context of this work because its 
contribution towards heat transfer is insignificant in soils with smaller grain size (Farouki, 1981; 
Mitchell, 1993). 
These governing equations for the moisture, air and heat transfer are expressed in terms of three 
primary variables, namely: 
1. Pore water pressure, ul 
2. Pore air pressure, ua 
3. Temperature, T 
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The behaviour of these variables is included within the coupled thermo-hydraulic (TH) 
formulation. The details of the fully coupled TH can be found in Seetharam (2003), Vardon 
(2009), Sedighi (2010) and Masum (2012). 
All of the TH governing equations are then developed and presented in a three-dimensional form. 
A2.2 Moisture transfer           
Moisture in an unsaturated soil exists in two phases, as liquid water and water vapour.  The 
volumetric water content, θ, is therefore expressed as the sum of these two phases: 
vl θθθ           (A.1) 
where, θl is the volumetric liquid content and θv is the volumetric vapour content.   
The conservation of mass for moisture for each of the two phases can be independently 
considered, to formulate the governing equation for each phase.  This is obtained by separating 
the liquid and vapour phases from Equation (A.1). 
The principle of local thermodynamic equilibrium dictates that at any point, the volumetric liquid 
water and water vapour are in equilibrium (De Vries, 1958). Thus, the relationship can be defined 
as follows: 
  
 
l
vl
v
ρ
ρθn
θ


       (A.2) 
where n is the porosity, v is the density of water vapour and l is the density of liquid water.   
Considering the liquid water phase, the law of conservation of mass dictates that the time 
derivative of the liquid content is equal to the spatial gradient of the liquid flux.  This can be 
expressed mathematically as: 
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      (A.3) 
where V  is the incremental volume, t is time,  is the gradient operator, vl is the velocity of 
liquid and Ess is a sink/source term due to the process of vaporisation or condensation. 
Similarly for the vapour phase, the law of conservation of mass dictates that the time derivative 
of the vapour content is equal to the spatial gradient of the vapour flux with an equal and opposite 
sink/source term to the liquid water allowing for change of state.  This can be expressed 
mathematically as: 
 . .vl l v l ss
V
V V VE
t

   


       v av v
    (A.4) 
where vv is the velocity of vapour and va is the velocity of pore air.  The volumetric air content, 
a, (including dry air and vapour) can be expressed as: 
 
 la θnθ           (A.5) 
Substituting Equations (A.2) and (A.5) into Equation (A.4), the law of conservation of mass for 
water vapour flow can be rewritten as: 
 
    sslvl
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t
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av vv ..
    (A.6) 
Combining the equations of conservation of mass for liquid, Equation (A.3) and vapour flow 
Equation (A.6) gives the equation of conservation of mass for moisture transfer expressed as: 
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The volumetric liquid, l, and air contents, a, may be expressed in terms of degree of saturation, 
and porosity as: 
 ll
nSθ 
         (A.8) 
 aa
nSθ 
         (A.9) 
where Sl is degree of saturation of pore water and Sa is the degree of saturation of pore air.   
The relationship between the degree of saturation of pore water and pore air can be 
mathematically expressed as: 
la SS 1          (A.10) 
The incremental volume, V, is the summation of the void volume and the solid volume.  It can 
be expressed as: 
  VeV s 1         (A.11) 
where e is the void ratio and Vs is the volume of the solids. Substituting Equations (A.8), (A.9) 
and (A.11) into Equation (A.7) yields; 
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Since it is assumed that the volume of the solid remains constant, the term Vs can be eliminated 
from Equation (A.12). Moreover, by definition, porosity, n, can be defined in terms of void ratio 
as: 
 een  1/          (A.13) 
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Dividing each term in Equation (A.12) by (1+e) yields: 
   
 . . . 0l v a l l vl
nS S n
t t
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  
 
      l v av v v
   (A.14) 
The spatial derivative terms of Equation (A.14) reveals that the moisture flux includes: 
i. Liquid flux. 
ii. A component of vapour flux due to vapour pressure gradients. 
iii. A component of vapour flux arising from the bulk flow of vapour due to movement of 
pore air. 
From Equation (A.14) it can also be seen that the movement of moisture is governed by the 
velocities of the liquid, vapour and air phases.  The flow rates and the flow laws that govern them 
are discussed below. 
A2.2.1 Mechanisms of liquid water flow 
A range of mechanisms to describe the flow of liquid water in an unsaturated soil have been 
identified and proposed by Fredlund and Rahardjo (1993) and Mitchell (1993). 
The plausible mechanisms for water flow have been the ones proposed by Mitchell (1993) and 
include the following: 
i. Pressure head. 
ii. Elevation head. 
iii. Thermal gradients. 
iv. Electrical gradients or electro-osmosis. 
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v. Chemical gradient or chemo-osmosis. 
The flow of water due to pressure, elevation head and thermal gradients are considered in the 
following work while the electrical and chemical flow mechanisms are neglected. 
The combination of pressure head and elevation head known as the hydraulic head has been the 
driving mechanism for water flow in unsaturated soils (Fredlund and Rahardjo, 1993). The 
hydraulic head gradient has been described by Darcy's Law (1856) and the approach has been 
used for unsaturated soils (Fredlund and Rahardjo, 1993).  
For multiphase flow in unsaturated soil, Darcy’s Law can be expressed as: 

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where vl is the liquid velocity due to pressure and elevation heads, kl is the intrinsic permeability, 
l is the absolute viscosity of pore liquid, ul is the pore water pressure, l is the unit weight of 
liquid, z is the elevation and Kl is the unsaturated hydraulic conductivity.  The relationship 
between the dynamic viscosity of the liquid water and the absolute temperature has been 
proposed by Kaye and Laby (1973), and is defined as: 
%5.010)229(2.661)( 3562.1  TTl      (Ns/m
2)   (A.16) 
where, T is the temperature expressed in Kelvin. 
Mitchell (1993) suggested that the unsaturated hydraulic conductivity of soils is influenced by a 
number of factors, including pore fluid characteristics, soil fabric, particle size and particle 
distribution, mineralogical composition and void ratio. Also, the hydraulic conductivity is 
influenced by the degree of saturation and flow turbulence. However, the impact of turbulence 
can be neglected, if the state of flow regime is slow.  
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Thus, it can be assumed that the hydraulic conductivity is dependent on two of three possible 
mass volume properties; void ratio, e, degree of liquid saturation, Sl, or volumetric water content, 
l (Lloret and Alonso, 1980; Fredlund, 1991).  In this formulation the two properties adopted are 
void ratio and degree of liquid saturation, giving as: 
  lll SeKK ,   (m/s)        (A.17) 
In addition, a different approach for determining the hydraulic conductivity of highly swelling 
clays has been hypothesised by Mitchell (1993) and Thomas et al. (2003). They suggested that 
the micro and macro structure interaction for materials with a high content of smectite found in 
swelling clays (e.g. bentonite clay) may have a pronounced effect on the saturation rate of the 
material. Although the laboratory test was conducted on Leighton Buzzard sand, however, other 
equations relevant to clay soils are also reported here. Because of the different numerical 
investigations conducted on unsaturated clays which are reported in Chapters 7 and 8 of this 
report.  
Mitchell proposed that as water enters a buffer material, the majority of the water becomes 
adsorbed within the micro-pores and hence becomes unavailable for further flow. Thus, this 
effect of water adsorption results in the swelling of the micro-pores in the buffer material. 
Consequently, leading to some reduction in the size of the macro-pores, depending on the degree 
of mechanical restraint the buffer material is subjected to Pusch (1998).  Because the macro-
pores contain the only water available for flow, their reduction in size would tend to ‘choke’ 
moisture flow and further reduce the effective hydraulic conductivity of the buffer material. 
Mitchell (2002) proposed some relationships by modifying the hydraulic conductivity to allow 
for micro/macro-pore interaction effects in buffer material. Afterwards, Thomas et al. (2003) 
adopted the approach of Mitchell and the assumption of Pusch et al. (1990) that 94% of the water 
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present in the clay may be adsorbed into the micro-pores and not be available for flow. Hence, a 
first approximation of hydraulic conductivity relationship that varies exponentially with the 
amount of free water within the soil was proposed as: 
   0.06 exp 0.01 1 0.06m l a l lK K S S S         (A.18) 
where, Kl is the unsaturated hydraulic conductivity from the standard unsaturated hydraulic 
conductivity relationship, Km is the new hydraulic conductivity relationship that accounts for 
micro and macro-pore interactions. 
The degree of liquid saturation or volumetric water content is a function of the initial void ratio, 
the initial degree of liquid saturation, and the stress parameters, comprising net stress, deviatoric 
stress, and suction (Matyas and Radhakrishna, 1968). It has been observed by Alonso et al. 
(1988) that the influence of stress parameters on the degree of saturation is relatively 
insignificant. However, if the soil sample is confined and the initial conditions are controlled, the 
degree of saturation can be expressed as a function of soil suction, s: 
 
 sSS ll           (A.19) 
Edlefsen and Anderson (1943) and Fredlund and Rahardjo (1993) have expressed the soil suction 
as the free energy state of soil water.  The surface energy, , was also expressed by Edlefsen and 
Anderson (1943) as a function of temperature: 
 T0001516.01171.0   (J/m2)      (A.20) 
where T is in Kelvin. 
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Therefore, if a relationship between suction and degree of liquid saturation at a reference 
temperature, Tr, is known, the suction at any degree of liquid saturation and temperature can be 
presented as: 
 
r
r
ss


  (Pa)        (A.21) 
where sr and r are the suction and the surface energy at the reference temperature, Tr, and s and 
 are the suction and the surface energy at the actual temperature, T.   
Therefore, if the dependency effect of soil suction on temperature is incorporated into Equation 
(A.19) the degree of liquid saturation can be expressed in partial derivative form with respect to 
time as: 
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The matric suction is defined as the difference between pore air pressure and pore liquid pressure 
(Fredlund and Rahardjo, 1993), and is mathematically expressed as; 
 uus la   (Pa)
        (A.23) 
The effects of other forms of suction (e.g. osmotic suction) are neglected as changes in these 
variables caused due to the changes in the other primary variables will not be significant. 
Substituting Equation (A.23) into Equation (A.22), the degree of saturation relationship may be 
expressed in terms of its primary variables as: 
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A2.2.2 Mechanisms of water vapour flow 
The two main mechanisms that contribute towards the transfer of vapour in an unsaturated soil 
are the diffusive flow and pressure flow or advective flow. The pressure flow mechanism has 
been described via the generalised Darcy’s law and was used to obtain the flow of bulk air by 
Carman (1956) and Alonso et al. (1988). The bulk air in the unsaturated soil domain is regarded 
as a binary mixture of dry air and water vapour (Pollock, 1986). The diffusive flow mechanism 
is described by the theory of diffusive vapour flow proposed by Philip and De Vries (1957). 
The main factor contributing to the flow of bulk air in unsaturated soil is the pore air pressure or 
the pore air concentration, whereas the elevation gradient had a negligible influence on the pore 
air transfer (Fredlund and Rahardjo, 1993). Thus, the generalised Darcy’s Law for multiphase 
flow in unsaturated soil can be defined as; 
 aaa
a
a uKu
k


av  (m/s)      (A.25) 
where, va is the pore air velocity, ka is the effective pore air permeability, a is the absolute 
viscosity of pore air, ua is the pore air pressure and Ka is the unsaturated conductivity of pore air. 
Fredlund and Rahardjo (1993) proposed that Ka can be expressed as a function of the soil void 
ratio and its degree of pore air saturation mathematically defined as: 
 𝑲𝒂 = 𝑲𝒂 (𝒆, 𝑺𝒂)        (A.26) 
The vapour transport due to diffusion in unsaturated soil has been proposed by Philip and De 
Vries (1957) and extended by Ewen and Thomas (1989). It states that the velocity of vapour, vv 
through an unsaturated soil can be mathematically expressed as: 
 v v   
D vatms v v a
l
v
 

  (m/s)      (A.27) 
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where Datms is the molecular diffusivity of vapour through air, vv is a mass flow factor,v is the 
tortuosity factor, and v is the vapour density gradient. 
An expression for the molecular diffusivity of vapour due to temperature gradient was proposed 
by Krischer and Rohnalter (1940). The expression was adopted by Philip and De Vries (1957) 
and is mathematically defined as: 
 D
T
u
atms
a
  5893 10 6
2 3
.
.
 (m2/s)      (A.28) 
The equation is applicable to vapours having a temperature in the range of 293 – 343 K (Philip 
and De Vries, 1957). 
Philip and De Vries (1957) adopted and introduced an expression for the mass flow factor vv. 
proposed by Partington and De Vries (1957). The proposed expression showed that for steady 
state diffusion in a closed system between an evaporating source and a condensing sink, the mass 
flow factor can be expressed as: 
 u
u
u
v
va
a
v


         (A.29) 
where uv is the partial pressure of vapour and can be calculated using the thermodynamic 
relationship as: 
 v v vu R T  (Pa)        (A.30) 
where Rv is the specific gas constant for water vapour (461.5 J/KgK). 
Edlefsen and Anderson (1943) proposed a thermodynamic relationship to calculate the density 
of water vapour, v, expressed as: 
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where 0 is the saturated water vapour density, h is the relative humidity, g is the gravitational 
constant and  is the capillary potential, which is defined as: 
 
l
al
γ
uu
ψ

  (m)        (A.32) 
The density of saturated water vapour was expressed by Ewen and Thomas (1989) by fitting 
standard data reported by Rogers and Mayhew (1964). The expression is mathematically defined 
as: 
𝜌0 = 1 {194.4𝑒𝑥𝑝(−0.06374(𝑇 − 273) + 0.1634 × 10
−3(𝑇 − 273)2)}⁄   
(kg/m3)       (A.33) 
Equation (A.33) dictates that the water vapour density depends on the saturated water vapour 
density of the soil and its relative humidity. From the equation, it is obvious that the saturated 
water vapour density depends on the absolute temperature, T, whereas the relative humidity 
expression in Equation (A.31) is dependent on both suction and temperature. Thus, the vapour 
density can be defined as: 
∇𝜌𝑣 =  ℎ∇𝜌0  +  𝜌0∇ℎ        (A.34) 
Following the aforementioned discussion, the gradient of vapour density may further be 
expressed as follows: 
 ∇𝜌𝑣 =  (ℎ
∂𝜌0
𝜕𝑇
) ∇𝑇 +  𝜌0 (
𝜕ℎ
𝜕𝑆
∇𝑠 +
𝜕ℎ
𝜕𝑇
∇𝑇)      (A.35) 
Substituting for suction from Equation (A.23) and rearranging yields: 
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In addition the time derivative of the vapour density can be expressed as follows: 
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Substituting Equation (A.36) into Equation (A.27) yields  
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  (A.38) 
Philip and De Vries (1957) conducted a series of experimental tests and found out that Equation 
(A.38) does not fully capture the behaviour of the vapour flows under increased temperature 
gradients. Thus, they proposed two refinements for the thermal gradient term.  Firstly, a flow 
area factor, f, was introduced in order to obtain a reduction of the vapour flow. This is due to the 
fact that the area available for flow decreases at higher moisture contents. Secondly, a 
microscopic pore temperature gradient factor, (T)a/(T), was introduced. The factor describes 
the ratio of the average temperature gradient in the air filled pores to the overall temperature 
gradient. It accounts for the microscopic effect of heat flow paths between the solid and the fluid 
paths. This gives rise to microscopic temperature gradients in the fluid-filled pores, which might 
be much higher than the macroscopic temperature gradients across the sample as a whole.  
Introducing these two factors into Equation (A.38) yields: 
Appendix 2        Theoretical and Numerical Formulations 
Page | 353 
 
0
0 0
0
atms v v a atms v v a a
l
l l
atms v v a
a
l
TD v D vh h
u f h T
s T T T
D v h
u
s
     
 
    
  

 
   
       
   
 
  
 
vv
 (A.39) 
In addition, Ewen and Thomas (1989) recommended alterations to the extended vapour velocity 
equation (Equation A.39) proposed by Philip and De Vries (1957). Because the proposed 
equation by Philip and de Vries does not fully account for the flow area factor in the moisture 
gradient terms. Similarly, it shows a choking or clogging phenomenon of vapour flow at high 
moisture content. The proposed alteration only affects the flow area factor, f, term and not the 
microscopic pore temperature gradient factor term.  
Based on the assumption that the vapour velocity is proportional to the vapour density, Ewen and 
Thomas recommended that the vapour flow area factor should be introduced in both the 
temperature and moisture gradient terms. Also, they suggested that the modification of the vapour 
flow area factor to be equal to the porosity, and that no choking or clogging occurs. Accounting 
for these propositions in the current work, the vapour velocity is written as follows: 
 
a
l
vatmsa
l
vatms
l
l
vatms u
s
hnvD
T
T
h
T
h
T
TnvD
u
s
hnvD


































00
0
0vv
 (A.40) 
where (T)a/(T) was derived based on the work of Preece (1975) for Washington Sand (De 
Vries, 1966). 
It should be noted that the above vapour velocity term was proposed based on experimental work 
conducted on dense cohesion-less material - medium sand. Therefore, it is not applicable to 
cohesive soils (such as clay and silts) and Vardon (2009) suggested that the vapour flow factor 
might need to be re-evaluated. In light of this, Singh (2007) proposed a vapour flow term for 
highly compacted clays, i.e. bentonite buffer material and Speswhite kaolin, via a series of 
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experimental and numerical investigations. Singh (2007) suggested that two material-dependent 
factors 𝜼𝟏 and 𝜼𝟐, determined based on sensitivity analyses, be included in the original Philip 
and de Vries Equation (A.39) which results into: 
 vv = 𝜂2
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The factors 𝛈𝟏 and 𝛈𝟐 for MX-80 bentonite and Speswhite kaolin are reported by Singh and are 
shown here in Table A2.1. Similarly, the main reason for reporting the vapour velocity equations 
extended by Singh (2007) is due to the numerical investigations carried out on unsaturated clays 
reported in Chapters 4, 7 and 8.  
 
Table A2.1 𝜼𝟏 and 𝜼𝟐 factors for MX-80 bentonite and Speswhite kaolin 
 𝛈𝟏 𝛈𝟐 
MX-80 bentonite 0.17 0.60 
Speswhite kaolin 0.22 1.00 
 
A2.2.3 Governing differential equation for water flow 
The components of flow for the liquid and vapour phases have been defined in Sections A2.2.1 
and A2.2.2 respectively. In this section, the liquid and vapour flow laws are incorporated into the 
equation of conservation of mass stated earlier in Equation (A.14) in order to obtain the governing 
differential equation for moisture flow. The equation has been restructured and presented in terms 
of primary variables.  
Appendix 2        Theoretical and Numerical Formulations 
Page | 355 
After expanding the first two terms of Equation (A.14) and substituting for Sa = 1 - Sl, the equation 
yields the following: 
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Rearranging and grouping similar terms results in the following: 
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The third term in Equation (A.43) can be expressed as: 
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where εv is the volumetric strain, which is defined as the rate of change of void ratio with respect 
to initial volume. Substituting Equation (A.44) into Equation (A.43), the equation yields:  
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Considering the first term of Equation (A.43) and substituting for 
𝝏𝑺𝒍
𝝏𝒕
 given in Equation (A.24) 
yields: 
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Similarly, considering the second term of Equation (A.43) and substituting for 
𝜕𝜌𝑣
𝜕𝑡
 given in 
Equation (A.37) yields: 
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Furthermore, the third term of Equation (A.43) can be expressed as: 
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where v is the volumetric strain and  is the strain vector. P is the strain matrix and m is the 
differential operator which will be defined in Section A2.4. Therefore, the third term of Equation 
(A.43) can be expressed as: 
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Substituting Equations (A.46), (A.47) and (A.48) for the first, second and third terms respectively 
and Equations (A.15), (A.25) and (A.40) for vl, va and vv respectively into Equation (A.45) gives 
the governing differential equation for water transfer in terms of the primary variables: 
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 .l l lJ K z           (A.58) 
A2.3 Dry air transfer 
Dry air in the pores of an unsaturated soil can exist in two forms, bulk air and dissolved air 
(Fredlund and Rahardjo, 1993). The transfer of bulk air in the pores is governed by air pressure 
gradient while the dissolved air transfer is coupled to the flow of pore liquid. The proportion of 
dry air dissolved in the pore liquid is given by Henry’s Law. 
Equation (A.59) mathematically defines the law of conservation of mass which dictates that the 
temporal derivative of the dry air content and that of spatial derivative of the dry air flux must be 
equal. 
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where Hs is the Henry’s volumetric coefficient of solubility and da is the density of dry air. 
Substituting Equations (A.8), (A.9) and (A.11) into Equation (A.59) gives a relationship in terms 
of degree of saturation, porosity and void ratio: 
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As previously discussed in Section 4.2, V s  is constant, this term can be eliminated.  Substituting 
n(1 + e) = e and Sa = 1 - Sl, yields: 
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Expanding the first term of Equation (A.61) gives: 
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S
e
t
SHSe
t
e
SHS
t
eSHS
l
sda
l
da
da
lsl
lslda
dalsl
















1
1
1
    (A.62) 
Rearranging similar terms gives: 
 
     
t
S
He
t
SHSe
t
e
SHS
t
eSHS
l
sda
da
lsllslda
dalsl










111
1



  (A.63) 
Substituting Equations (A.63) into (A.61) and replacing e/(1+e) by n and dividing the resultant 
equation by (1+e) results in: 
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 
 
   
   0.
11
1
1




la vv sda
l
sda
da
lsl
lsl
da
H
t
S
Hn
t
SHSn
t
e
e
SHS









  (A.64) 
Substituting Equation (A.44) and Equation (A.48) into (A.64) gives: 
     
   0.
111


la vv
u
Pm
sda
l
sda
da
lsl
T
lslda
H
t
S
Hn
t
SHSn
t
SHS









  
           (A.65) 
The density of dry air, da, can be determined using the approach proposed by Thomas and 
Sansom (1995). The bulk air in unsaturated soils is regarded as a mixture of dry air and water 
vapour, which was found to obey the laws of ideal gases to an adequate degree of accuracy 
(Geraminegrad and Saxena, 1986). The partial pressures of dry air (uda) and vapour (uv) can be 
mathematically defined as: 
 da da dau R T  (Pa)        (A.66) 
and, 
 v v vu R T  (Pa)        (A.67) 
where Rv and Rda are the specific gas constants of vapour and dry air respectively. 
Applying Dalton’s Law of partial pressures yields; 
 u u ua da v   (Pa)        (A.68) 
Substituting Equations (A.66) and (A.67) into Equation (A.68) gives the density of dry air as: 
 a v v
da
da da
u R
R T R

    (kg/m3)      (A.69) 
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The partial derivative of Equation (A.69) with respect to time can be expressed as follows, with 
the last differential term being obtained from Equation (A.37); 
 
1da a a v v
da da
u RT
t R T t T t R t
   
  

  

      (A.70) 
Substituting for 


S
t
l
, 


da
t
, vl and va from Equations (A.24), (A.70), (A.15) and (A.25) 
respectively leads to the governing equation; 
   . .l aal aT aa au al l aa a a
u uT
C C C C K u K u J
t t t t
  
   
       
u
   (A.71) 
where 
 
    






s
h
R
R
SHSn
s
S
HnC
da
v
lsa
l
sdaal





 01
   (A.72) 
    












T
h
T
h
R
R
T
SHSn
T
S
HnC
da
va
lsa
l
sdaaT







 0
01
 (A.73) 
    






s
h
R
R
TR
SHSn
s
S
HnC
da
v
da
lsa
l
sdaaa





 0
1
1
   (A.74) 
  PmTlsadaau SHSC          (A.75) 
l
l
sda
al K
H
K



        (A.76) 
adaaa KK           (A.77) 
 
 .a da s lJ H K z           (A.78) 
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A2.4 Heat transfer 
The modes of heat transfer can be separated into conduction, convection and radiation (Jakob, 
1949). However, the effect of radiation was shown to be negligible in soils with smaller grain 
sizes (Farouki, 1981; Mitchell, 1993). Thus, its effect is neglected in this formulation. 
According to the law of conservation of energy for heat flow, it states that the temporal derivative 
of the heat content, Ω, is equal to the spatial derivative of the heat flux, Q, expressed 
mathematically as: 
( )
. ( )
V
V
t



  Q
       (A.79) 
In unsaturated soils, the heat content per unit volume is assumed to be the sum of soil heat storage 
capacity, Hc, and the contribution resulting from the latent heat of vaporisation, L, 
mathematically given as: 
   H T T LnSc r a v                     (J/m
3)    (A.80) 
A mathematical expression for the heat storage capacity of unsaturated soils at a reference 
temperature, Tr, has been presented by Ewen and Thomas (1989) as: 
   daapdavapvllplspsc SCSCSCnCnH   1      (J/Km3)  (A.81) 
where Cps, Cpl, Cpv and Cpda are the specific heat capacities of solid particles, liquid, vapour and 
dry air respectively and ρs is the density of solid particles. 
The heat flux per unit area, Q, is mathematically defined as: 
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    Q v v v v v vv a l v a a               T v v pl l pv l pv v pda da rT L C C C C T T  
   (W/m2)       (A.82) 
where λT is the coefficient of thermal conductivity of unsaturated soil. 
Equation (A.82) combines the transfer of heat via conduction, convection and latent heat flow 
associated with the movement of vapour. Furthermore, heat convection occurs due to the 
movement of the liquid phase, the vapour phase as a result of vapour pressure gradient, and the 
vapour phase associated with the bulk air flow and the air phase. 
λT has been found to be a function of degree of saturation in unsaturated soils defined as: 
 T T lS   (W/m.K)       (A.83) 
Substituting for Ω and Q from Equations (A.80) and (A.82) into Equation (A.79) gives: 
 
 
( )
.
( )
c r a v
T v v
pl l l pv l pv v pda da r
H T T LnS V
t
T L
V
C C C C T T

  
   

     
     
  
     
v a
v a a
v v
v v v v
   (A.84) 
Substituting Equation (A.11) into Equation (A.84) and cancelling the Vs term gives: 
 
 
(1 )
( )
. (1 )
( )
c r a v
T v v
pl l l pv l pv v pda da r
H T T LnS e
t
T L
e
C C C C T T

  
   

     
     
  
     
v a
v a a
v v
v v v v
  (A.85) 
Expanding the first term of the left hand side of Equation (A.85) gives: 
     (1 ) (1 ) (1 )c cc r r
T
H T T e T T e eH H
t t t
  
             (A.86) 
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Substituting for Hc from Equation (A.81) into the first term on the right hand side of Equation 
(A.86) and rearranging gives: 
   
   
(1 )
(1 )
cr
r ps s ps s pl l l pv a v pda a da
T T eH
t
T T C n C C S C S C S e
t
    

  


       
   (A.87) 
Further expansion of Equation (A.87) and substituting n(1+e) = e gives: 
   
 
 
(1 )
(1 )
(1 )
cr
ps s ps s pl l l pv a v pda a da
l l v
r pl l pv v pv l
da l
pda l pda da
T T eH
t
e e
C C C S C S C S
t t
S S
T T C C C S
t t t
e
S
C S C
t t
    

 



  

  
       
 
           
  
      
      (A.88) 
Note that 
𝜕𝑒
𝜕𝑡
= (1 + 𝑒)2
𝜕𝑛
𝜕𝑡
. Expressing 
t
e


 in terms of 
t
n


 and rearranging the like terms gives: 
   
 
 
 
2 2
(1 )
(1 ) (1 )
(1 ) (1 )
cr
ps s ps s pl l l pv a v pda a da
r
l v da
pl l pv v pda da pv l pda l
T T eH
t
n
C C C S C S C Se e
t
T T
S
e C C C eC S eC S
t t t
    
 
  

  

 
       
  
        
    
 
           (A.89) 
The second term on the right hand side of Equation (A.86) is already in the reduced form.  Hence, 
considering the second term of Equation (A.84), and substituting n(1+e) = e gives: 
   (1 )a v a vLnS e LeS
t t
 
 
 
        (A.90) 
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Expanding Equation (A.90) gives: 
  (1 ) (1 )v la v l v l v
S e
LeS L S e Le L S
t t t t
  
  
  

    
    (A.91) 
Again noting that 










t
n
e
t
e
)1(
2
, expressing 
t
e


 in terms of 
t
n


 and rearranging similar 
terms gives: 
  2(1 ) (1 ) (1 )v la v l v l v
S n
LeS L S e Le L S e
t t t t
 
  
  
 
     
   (A.92) 
Substituting Equations (A.92), (A.89) and (A.86) into Equation (A.85) gives the governing 
equation for heat flow as: 
 
 
 
2 2
(1 ) (1 )
(1 ) (1 )
( )
(1 ) .
( )
ps s ps s pl l l pv a v pda a da
r
l v da
pl l pv v pda da pv l pda l
T v v
c
pl l l pv l pv v pda da
n
C C C S C S C Se e
t
T T
S
e C C C eC S eC S
t t t
T LT
eH
C C C C Tt
    
 
  
  
   
 
       
  
        
    
    
   
  
v a
v a a
v v
v v v v  
(1 )
r
e
T
 
 
    
           (A.93) 
Dividing Equation (A.93) by (1+e) and substituting e/(1+e) = n, yields: 
 
 
 
 
(1 )
(1 ) (1 )
( )
.
( )
ps s ps s pl l l pv a v pda a da
r
l v da
pl l pv v pda da pv l pda l
T v v
c
pl l l pv l pv v pda da r
n
C C C S C S C S e
t
T T
S
n C C C nC S nC S
t t t
T LT
H
C C C C T Tt
    
 
  
  
   
 
      
  
        
    
     
    
      
v a
v a a
v v
v v v v
 
           (A.94) 
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Substituting the following terms: 
𝜕𝑛
𝜕𝑡
 from Equation (A.48), 
𝜕𝑆𝑙
𝜕𝑡
 from Equation (A.24), 
𝜕𝜌𝑣
𝜕𝑡
 from 
Equation (A.37), 
𝜕𝜌𝑑𝑎
𝜕𝑡
 from Equation (A.70), into the left hand side of Equation (A.94) and 
rearranging the similar terms yields the left hand side of the governing equation which can be 
stated in a concise form as: 
 T T
H
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t
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u
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C
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
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
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
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


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u
   (A.95) 
where 
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0
0
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(A.96) 
 
 
 
 














































T
h
T
h
T
TnvD
LnS
T
S
Ln
TT
T
h
T
h
R
R
T
nSC
T
h
T
hnSC
T
S
nCnCnC
HC
l
avatms
a
l
v
r
da
va
apda
apv
l
dapdavpvlpl
cTT





















0
0
0
0
0
0
                    (A.97) 
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 (A.98) 
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   T TTu ps s pl l l pv a v pda a da r a vC C C S C S C S T T LS            m P m P  
           (A.99) 
Substituting for vl, va and vv from Equations (A.15), (A.25) and (A.40) respectively, into the right 
hand side of Equation (A.94), gives: 
       
         
. . . .
. . . . .
T v a a pl l l r pv v v r
pv v v r pda da a r Tl l TT Ta a
T
T L v L v C v T T C v T T
C v T T C p v T T K u K T K u
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    
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                 

 
           (A.100) 
where 
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Combining Equations (A.95) and (A.100) yields the governing differential equation for 
conservation of energy in terms of primary variables as: 
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           (A.105) 
The governing equations, written in the form of primary variables for solving the heat and mass 
transfer problem in an unsaturated porous media have been reported in this section. The solution 
of the theoretical equation is achieved by solving for the coupled heat and moisture transfer 
processes via the use of pore water pressure (ul), pore air pressure (ua) and temperature (T), 
respectively as primary variables.  
The numerical solution to the TH problem is solved using finite element approach to achieve 
spatial discretisation, whilst the temporal discretisation is achieved by the use of implicit finite 
difference algorithm. The detailed equations are reported in Ewen and Thomas (1989), Thomas 
and Sansom (1995) and Thomas and Li (1997). 
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